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Abstract 
 
The successful synthesis of graphene and other atomically thin materials in 2004 marked the 
beginning of a period of intense research into atomically thin materials that continues to this day. A 
wide range of these two dimensional (2D) materials have been explored that demonstrate many novel 
properties. Of this new family of materials, 2D semiconducting transition metal dichalcogenides 
(TMDs) such as molybdenum disulphide (MoS2) and tungsten disulphide (WS2) are especially 
important, owing to their potential for applications including catalysis and novel electronic and optical 
devices. The transition of these materials from indirect to direct band gap with the change from bulk 
material to monolayer is just one example of the emergence of new properties. For these reasons, 
research into these 2D semiconducting materials has been a particularly active area of materials 
science in recent years. Similarly, transition metal oxides (TMOs) have proven potential for novel 
applications when reduced to the monolayer, and much research has been, and continues to be, 
conducted on these materials. The potential for production of large-area 2D stannous oxide (SnO) has 
been highlighted in recent works, inspiring investigations into viable synthesis methods for the 
material. 2D SnO promises great potential in sensing, catalysis and transistor technology, provided a 
successful method of production is available. With these challenges in mind, the author addresses 
several important aspects of model semiconducting 2D TMDs and TMOs in this Ph.D. thesis. 
In the first stage of the thesis, the author addressed the existing ambiguity in reported explanations for 
the emergence of high-intensity emission at the edges of 2D WS2 flakes. The two main arguments 
were that these bright edges are the result of either differing exciton/trion concentration ratios across 
the 2D WS2 flake area, or the intercalation of H2O between the flake edges and the substrate. This 
work explains that this is the result of both ambient air H2O intercalation and exciton-dominated 
emission at these regions, rather than one of these factors alone. Additionally, in the process of this 
investigation, a previously not defined phenomenon of photoluminescence (PL) loss following high 
radiant exposure from an incident laser was discovered. The phenomenon was thoroughly 
 2 
 
investigated, and was found to occur only when laser exposure takes place in ambient conditions, 
resulting in the formation of sulphate groups on the 2D WS2 surface. 
In the second stage, an investigation into methods for producing hybrid 2D WS2 based nanosheets 
was carried out. Although the enhancement of the photocatalytic properties of 2D WS2, when 
hybridised with graphitic carbon dots (CDs), had been investigated to a degree, no studies had yet 
examined the origin of the photocatalytic effect. Another issue was the synthesis that relied on liquid 
phase exfoliation, In the established techniques for liquid phase exfoliation of 2D WS2, the existence 
of solvent residues on the nanoflake surfaces was a main challenge. High quality hybridisation 
requires pristine, non-functionalised surfaces. A solution to this challenge was demonstrated by the 
liquid phase ultrasonic exfoliation of bulk WS2 powder in a 35% H2O/ethanol solution. By limiting 
exposure of WS2 to H2O and ethanol only, presence of solvent residues on the exfoliated 2D WS2 was 
kept to a minimum. Having achieved this, hybrid nanomaterial synthesis was able to proceed. 
Attempts to produce a hybrid nanomaterial by creating 2D WS2 and CDs separately and later 
combining them failed to achieve the necessary bonding between the two components. To solve this 
problem, the author developed a novel method of CD hybridisation by the addition of citric acid to the 
35% H2O/ethanol solution, containing exfoliated 2D WS2, and microwaving this solution to grow 
CDs on 2D WS2 surfaces. The resulting hybrid nanomaterial was found to have a photocatalytic 
efficiency approximately 30% higher than that of pristine 2D WS2, and a comparison with similar 
recently produced photocatalytic 2D TMDs and their hybrid nanomaterials showed this hybrid to have 
a significantly higher turnover frequency. 
In the final stage, the large-scale synthesis of 2D SnO using a novel method started from molten tin 
was explored. Recently reported methods of oxide exfoliation from liquid bulk metal were adapted for 
the synthesis of 2D SnO, and was shown to allow for the creation of very large scale 2D films of SnO. 
TMOs have been reported as having a superior stability in air relative to that of 2D TMDs, and could 
be useful in filling roles for which 2D TMDs are not optimally suited. 2D SnO , as a 2D TMO, is 
currently considered as a material with great potential in applications such as p-type semiconducting 
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thin films, catalytic units, as the channel material in ferroelectric field-effect memories and 
complementary metal oxide semiconductor (CMOS) devices.  
In summary, this Ph.D. research has yielded an extensive exploration of several important aspects of 
model semiconducting 2D TMDs and TMOs. Specifically, the PL properties of 2D WS2 have been 
explored, along with a novel approach to its enhancement as a photocatalyst via hybridisation and the 
practicalities thereof. This research has also contributed significantly to synthesis methodology for the 
production of the important semiconducting 2D TMO, SnO, at large scales. 
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Chapter 1. Introduction 
1.1 Motivation 
The successful synthesis of graphene in 2004 by Novoselov et al marked the beginning of a period of 
intense research into atomically thin materials that continues to this day. Colloquially referred to as 
two dimensional (2D) materials, due to the extreme difference in scale between their thickness and 
lateral dimensions, a wide range of these atomically thin materials have been discovered that 
demonstrate many novel properties that emerge as the bulk material is confined to two dimensions.
1-6
 
Of this new family of materials, 2D semiconducting transition metal dichalcogenides (TMDs) such as 
molybdenum disulphide (MoS2) and tungsten disulphide (WS2) are especially important, owing to 
their potential for applications including catalysis and novel electronic and sensing devices.
5, 7-10
 The 
transition of these materials from indirect to direct band gap with the change from bulk material to 2D 
is just one example of the emergence of new properties.
11-15
 For these reasons, research into these 2D 
semiconducting materials has been a particularly active area of materials science in recent years. 
However, despite the large volume of research conducted, the synthesis of 2D semiconductors with 
lateral dimensions suitable for device fabrication remains a major challenge that needs to be addressed 
before these materials can be applied at an industrial scale, along with a more complete understanding 
of the emergent properties and phenomena, many of which are still not completely understood.
8
 
This latter problem continues to be the focus of much current research, addressed using a broad range 
of characterisation methods. In the case of 2D TMDs, one area of significant interest is their 
fascinating optical properties.
16, 17
 As a result of the emergence of a direct band gap, some 2D TMDs 
such as 2D WS2 exhibit characteristic photoluminescence (PL) when reduced to few layer or 
monolayer dimensions.
18-20
 The mechanisms of this PL have been extensively researched, however 
several aspects remain poorly understood. While the long-term effect of exposure to light for 2D WS2 
is one example 
21-27, other aspects of this materials’ PL continue to be discovered.28-30 Despite several 
reports on the intense PL at the edges of 2D WS2 flakes relative to the flake centres, investigation into 
changes in these PL patterns has been limited.
31-34
 Exciton/trion concentration ratios within the 
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material have previously been shown to cause PL intensity changes at flake edges, but the effect has 
also been reported as the result of water (H2O) intercalation beneath the flake.
31, 34-38
 Further 
investigation is therefore required in order to address this ambiguity. 
Additionally, degradation in 2D WS2 PL patterns has to date been largely ignored. Reports on loss of 
PL intensity via reversible quenching by surface acoustic waves, due to damage to crystal structure 
from exposure to intense light or heat, and as the result of physical abrasion have been presented.
34, 35, 
39-41
 However, the loss of PL seen in some studies remains an unexplained anomaly, particularly when 
atmospheric conditions have not been controlled. Further research into this aspect of the material will 
therefore be valuable in helping to answer these questions. 
In addition to the PL of 2D WS2 and characterisation of 2D materials in general, important gaps in the 
body of knowledge have been found regarding methods of synthesis. Numerous reports have 
described the mechanical exfoliation of fundamental layers from bulk materials such as graphite, the 
oxides of various metals, and the bulk powders of TMDs such as WS2, WSe2 and MoS2, typically 
involving grinding, micromechanical cleavage, or liquid phase ultrasonication.
2, 16, 42-47
 The latter has 
been particularly effective for 2D TMD synthesis, particularly with the careful control of solvents or 
surfactants.
43, 48, 49
 However, the use of such exfoliation-assisting agents often results in residues on 
the 2D flake surfaces that cannot be easily removed, limiting use in potential applications. An 
investigation into exfoliation techniques for producing pristine 2D TMDs would likely be beneficial 
to the field. 
2D TMDs have shown desirable photocatalytic properties and stability.
21, 23, 24, 50-55
 2D WS2 in 
particular shows great promise as a photocatalyst, due to its direct bandgap of 2.05 eV, chemical 
stability, high melting point when compared with 2D MoS2 and high turnover frequency (TOF) during 
hydrogen evolution catalysis trials.
50, 53, 56-59
 
2D TMD-graphitic composites have been reported to offer some advantages in catalytic applications, 
along with other uses in electrochemical systems and optical and electronic devices.
60-65
 Recent 
research predicts that graphene can acquire a band gap in the presence of 2D MoS2, while synergy 
 6 
 
with graphene increases the 2D MoS2 carrier mobility.
60, 66
 2D TMD-graphitic composites have shown 
enhanced efficiency as co-catalysts, depending on component sizes and the ratio of the 2D TMDs to 
the graphitic material.
21
 The photocatalytic performance of such composites has shown to be 
enhanced by doping the graphitic material with nitrogen, enhancing photocatalytic properties by 
altering the surface energy to promote bonding.
24, 67-69
  
While these enhanced photocatalytic properties have been investigated to a degree, no studies have 
yet examined the effect on the photocatalytic efficiency of 2D WS2 when hybridised with graphitic 
carbon dots (CDs) 
53, 55, 70-75
. Importantly, nor have the fundamental mechanisms for enhancement of 
photocatalytic activities in such composites been satisfactorily investigated. Further research into 
these fundamentals would be a valuable contribution to the field. 
Similarly to 2D TMDs, transition metal oxides (TMOs) have proven potential for novel applications 
when reduced to the monolayer, and much research has been, and continues to be, conducted on these 
materials.
17, 42, 44, 76
 The potential for production of large-area 2D stannous oxide (SnO) has been 
highlighted in recent works, inspiring investigations into viable synthesis methods for the material.
77-
80
 2D SnO promises great potential in sensing, catalysis and transistor technology, provided a 
successful method of production
81-84
. Recent developments in bulk material exfoliation suggest some 
promise in this regard, and the possibility of applying these principles to synthesis of 2D SnO should 
be investigated. 
With the three research gaps outlined above, the aims of this Ph.D. research are as follows: 
1. To investigate the characteristic PL patterns of monolayer WS2 and the phenomenon of localised 
PL loss following laser exposure in humid air, 
2. In two separate investigations, develop a hybridisation-compatible liquid phase exfoliation 
technique, and then apply this to produce a hybrid nanomaterial incorporating 2D WS2 and CDs, and 
3. Investigate the development of a suitable method for synthesising high-quality, large area 2D SnO 
samples. 
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1.2 Objectives 
1.2.1 Investigation of the response of 2D WS2 to light in ambient air 
The PL of 2D WS2 has been well reported, with attention frequently given to the emergence of high-
intensity emission at the flake edges.
32-34, 36
 Among these reports, there has been some disagreement 
regarding the causes of these patterns; the two main arguments are that these bright edges are the 
result of either differing exciton/trion concentration ratios across the 2D WS2 flake area, or the 
intercalation of H2O between the flake edges and the substrate.
31, 35
 
The investigation of this phenomenon aims to address this controversy. It will be shown that, in the 
process of the investigation, a novel phenomenon of PL loss following high radiant exposure from an 
incident laser is discovered, and this phenomenon will then be described. As will be explained in 
detail in Chapter 3, the phenomenon is found to occur only when this laser exposure takes place in 
ambient conditions and results in the formation of sulphate groups on the 2D WS2 surface. 
Regarding the controversy over the cause of intense PL emission at flake edges, this work will explain 
that this is the result of both ambient air H2O intercalation and exciton-dominated emission at these 
regions, rather than one of these factors alone. 
 
1.2.2 Investigation of liquid phase exfoliation of 2D WS2 
Typical top-down methods of synthesis are carried out by physically separating fundamental layers of 
a given material, using techniques like grinding, micromechanical cleavage, or ultrasonication.
2, 42-44
 
In the case of 2D TMDs, mechanical exfoliation is an established method for high-yield production 
from bulk powder, and has been enhanced through careful tuning of solvents and surfactants in the 
exfoliation environment.
43, 48, 49
 
Moving forward from these established liquid phase exfoliation techniques, the main challenge faced 
for this research objective is that 2D WS2 nanosheets produced using these methods are often 
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unsuitable for hybridisation, for several reasons. Foremost among these is that the use of solvents such 
as NMP, reported as the most effective solvent for liquid phase exfoliation of TMDs, results in the 
adhesion of residuals to the 2D flake surfaces that cannot be easily removed.
85
 Many of the 
applications of such 2D materials – including use in hybrid nanomaterials – require pristine, non-
functionalised surfaces, making it necessary to forego the use of such solvents. 
An investigation into methods for producing 2D WS2 nanosheets suitable for hybridisation is 
therefore carried out here. This will be demonstrated by the liquid phase ultrasonic exfoliation of bulk 
WS2 powder in a 35% H2O/ethanol solution, the previously reported optimum ratio for WS2 
exfoliation in the absence of any other solvents, surfactants or intercalants.
47
 By limiting exposure of 
WS2 to H2O and ethanol only, interference due to adhesion of solvent residues on the exfoliated 2D 
WS2 surfaces can be kept to a minimum. Full details of the methods used to achieve this objective of 
the Ph.D. research will be described in Chapter 4. 
 
1.2.3 Incorporation of exfoliated 2D WS2 in a hybrid photocatalyst 
As mentioned in the previous section, the synthesis conditions of 2D WS2 can have adverse effects on 
the viability of the product if it is intended for use in hybrid nanomaterials, but careful control of 
synthesis conditions can circumvent these issues. Further complications can arise in the process of 
hybridisation, however. Chapter 4 of this thesis will also address some of the complications 
encountered, along with an investigation into how these will be overcome. 
Specifically, attempts to produce a hybrid material by creating 2D WS2 and CDs separately and later 
combining them failed to achieve the necessary bonding between the two components. Instead, the 
process of hybridisation with CDs will be carried out by the addition of citric acid (as a source of 
carbon) to the 35% H2O/ethanol solution containing exfoliated 2D WS2 and then microwaving the 
solution under controlled temperature, time and pressure. This will be shown to result in the growth of 
CDs on 2D WS2 surfaces. The experimental parameters and results, as well as a study of the 
application of this hybrid material in photocatalysis, will be discussed in detail in Chapter 4. 
 9 
 
1.2.4 Investigation of 2D SnO synthesis via liquid metal exfoliation 
An opportunity exists for creating more stable 2D materials with comparable properties for large scale 
processes, pending the development of viable synthesis methodology.
86
 TMOs have been reported as 
having a superior stability in air relative to that of 2D TMDs, and could be useful in filling roles for 
which 2D TMDs are not optimally suited. 
2D SnO , as a 2D TMO, is currently considered as a material with great potential in applications such 
as p-type thin films, catalytic units, as the channel material in ferroelectric field-effect memory and 
complementary metal oxide semiconductor (CMOS) devices.
10, 77, 80-82, 87, 88
 With this in mind, this 
section of the Ph.D. research will focus on exploring the large-scale synthesis of 2D SnO using a 
novel method started from molten tin. Given recently reported methods of oxide exfoliation from 
liquid bulk metal, there is potential for the adaptation of this method to the synthesis of 2D SnO. It 
will be shown that the developed method allows for the creation of very large scale 2D films of SnO. 
The successful application of these concepts will be explored and described in detail in Chapter 5. 
 
1.3 Thesis Organisation 
The primary aims of this Ph.D. research are to (a) clarify the source of high-intensity emission at 2D 
WS2 flake edges and develop a deeper understanding of the stability of 2D WS2 in air through 
investigation of its PL, (b) explore methods for synthesis of TMDs using mechanical exfoliation to 
establish conjugated hybrid materials (using 2D WS2 as a model material), and (c) investigate novel 
methods for synthesis of a 2D SnO as a model 2D TMO, using liquid metal exfoliation of oxide of 
molten tin as a large scale, room temperature process.  
Chapter 2 of this thesis presents a review of the current literature and research reported in the field of 
2D materials, with particular focus on 2D WS2 and 2D SnO. Following this review, in Chapter 3, the 
outcomes of the in-depth investigation of the PL and response to laser exposure in humid air of 2D 
WS2 will be demonstrated. This study is important in helping form a clear and complete 
understanding of these aspects of 2D materials in general.  
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In Chapter 4, the synthesis of 2D WS2 via liquid phase exfoliation will be discussed, and the 
incorporation of the resulting pristine 2D material into a photocatalytic hybrid with CDs will also be 
examined. 
To examine the novel synthesis method of a 2D TMO, Chapter 5 will present the liquid metal van der 
Waals exfoliation of 2D SnO from the surface of liquid metal tin. A full set of characterisation will be 
observed, along with an exploration of the application of this material as a p-type field effect 
transistor.  
Chapter 6 will present the overall conclusions of this Ph.D. research, and discuss possible future 
directions of the study. 
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Chapter 2. Literature Review 
2.1 Introduction 
Since the isolation of graphene in 2004, many new two dimensional (2D) materials have been 
reported.
1-5
 Atomically thin semiconducting materials such as tungsten disulphide (WS2) and 
molybdenum disulphide (MoS2) are of particular interest due to their potential applications in novel 
electronic devices, logic devices, spintronics, valleytronics, optoelectronics, sensing and catalysis, and 
as such are currently one of the fastest growing categories in materials science.
4, 6-9
 Furthermore, a 
host of unique phenomena have been reported to occur when a semiconductor is confined within two 
dimensions.
10
 Whereas these materials are traditionally used in protective coatings and solid-state 
lubricants, these new applications have become possible due to previously unknown properties such 
as the transition from an indirect band gap to a larger, direct band gap with the change from bulk 
material to 2D.
11-14
 Bulk WS2, for example, is known to have an indirect band gap of 1.4 eV, whereas 
monolayer WS2 shows a direct band gap of 1.9 eV.
15
  
Nevertheless, the synthesis and deposition of large area 2D semiconductors on suitable substrates for 
device fabrication is still a major technological challenge, which needs to be addressed prior to the 
industrial scale adaptation of these emerging materials and technologies.
7
 Furthermore, once 
synthesised these materials require exhaustive characterisation of their emergent novel properties. 
Much work has gone into the characterisation of 2D transition metal dichalcogenides (TMDs), a large 
portion of which has focussed on their optical properties.
16, 17
 The research gaps in characterisation of 
these properties in certain model 2D TMDs will be briefly described later in this chapter, leading to 
the first research topic of this thesis. 
Previous research efforts have produced several synthesis methods for 2D semiconducting materials 
such as TMDs and transition metal oxides (TMOs), and the ways that these methods have been 
employed, along with the applications of the products, will be discussed in this chapter in order to 
determine areas requiring further attention. Additionally, particular attention will be given to pre-
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established methods of exfoliating 2D TMDs, and the potential for adaptation of these methods for 
use in the production of hybrid nanomaterials.  
TMOs have also shown great potential for novel applications when reduced to monolayer dimensions, 
similar to TMDs. A broad range of studies has been published on these materials, and work continues 
to progress in the field.
17-20
 Recent work announcing the potential for production of large-area 
stannous oxide (SnO) paves the way for investigations into viable synthesis methods for this material, 
which promises to be of great importance in sensing, catalysis and transistor technology.
21-24
 Given 
the potential for developing a novel and effective synthesis method of this cutting-edge material, it is 
important to investigate the possibility of applying the principles of bulk material exfoliation. The 
proposed methodology will be developed later in this chapter.  
Using these discussions, the author will identify the research challenges currently faced in the field 
and set the basis for this Ph.D. research. 
 
2.2 Two dimensional materials 
Heavily researched in recent years due to their potential for applications such as electronics, sensing 
and catalysis, the great importance of 2D materials stems from the new properties that emerge as the 
thickness of the bulk material is reduced to few or monolayer dimensions.
20, 25-28
 
This research boom began with the successful synthesis of graphene monolayers by Novoselov et al 
in 2004, and graphene has certainly been the focus of a great many research efforts in the following 
years. As a 2D material, graphene offers many useful properties such as its atomic thickness, very 
high carrier mobility, naturally occurring PL, and its non-toxic synthesis precursors.
1, 29-31
 However, 
the lack of an electronic band gap excludes the material from applications such as transistors, optical 
devices, and efficient photocatalysis.
32-34
 
2D TMDs offer a solution to this problem as many are semiconductors, able to be produced in 
fundamental layers by applying some of the principles and methods discovered from research of 
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graphene.
16, 19, 20
 These materials were found to be similar to graphene in terms of the high carrier 
mobility, atomic-scale thickness and even their intrinsic photoluminescence (PL) emissions, but with 
the important addition of a band gap.
20, 35-37
 
 
2.3 2D Transition metal dichalcogenides 
TMDs can be best described as a group of materials formed in layers of two elements. Whereas 
graphene consists of a single layer of carbon atoms, TMDs typically occur as a single-atom-thick 
layer of a transition metal from groups 4-10 (represented as “M” in common notation) sandwiched 
between two single-atom-thick layers of a chalcogenide (represented as “X”), with the general 
formula for TMDs being MX2.
27, 38
 These distinct layers are then held together by van der Waals 
forces in a similar arrangement to graphene.
12, 39
 
WS2 has been selected for the purposes of this research due to the promise of its optical properties 
25, 
40-42
, and for the relatively limited research focus compared with MoS2, which has been extensively 
studied in many previous works.
27, 43-46
 
As with the above description of TMDs in general, each fundamental layer of WS2 consists of a layer 
of tungsten atoms between, and covalently bonded to, two layers of sulphur atoms. Interlayer bonding 
occurs due to van der Waals forces, causing fundamental layers to be stacked on top of one another in 
vast numbers to form a bulk 3D crystal.
26, 47, 48
 
Interestingly, the fundamental 2D layers of some TMDs (such as MoS2 and WS2) can exhibit the 
emergence of PL emission as the electronic band structure changes from indirect to direct band gap; 
this aspect of these materials is further discussed in the following section. 
 
2.3.1 Photoluminescence 
In general, semiconductor nanocrystals have been investigated for their PL for many decades, 
exhibiting tuneable photoemission based on nanoparticle size. Several of the 2D TMDs show intense 
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PL as a result of the aforementioned transition to direct band gap.
31, 49
 Although the mechanisms of PL 
in 2D TMDs have been extensively studied, the long-term effect of exposure to light has not been 
shown for these materials.
27, 43, 45, 46, 50-52
 
While the PL of 2D WS2 has been widely reported, many aspects of this materials’ PL continue to be 
discovered.
53-55
 For example, despite the appearance of relatively intense PL at the edges of 2D WS2 
flakes in several seminal studies, the alteration of such PL patterns with reference to the centres have 
not been convincingly addressed.
41, 42, 56, 57
 Although exciton/trion concentration ratios within the 
material have been shown to cause localised PL intensity changes in a few important investigations, 
the bright edge effect has been reported several times as the result of water (H2O) intercalation 
beneath the flake edges, while observational PL degradations have been largely ignored.
42, 57-61
 
Additionally, remarkable studies have been conducted on the loss of PL intensity due to reversible 
quenching by surface acoustic waves, erosion of areas of the crystal structure following exposure to 
intense light or heat, and the effects of manually-applied physical abrasion.
25, 57, 58, 62, 63
 Altogether, 
some aspects of such studies have remained controversial when the atmospheric conditions have not 
been controlled. The loss of PL seen in many measurements, observed in such studies, remains 
unaddressed or undescribed at best. Further research into this aspect of the material is therefore likely 
to result in significant progress towards answering these questions. 
 
2.3.2 Synthesis methods 
As with many nanomaterials in general, synthesis methods for 2D TMDs can be divided into two 
categories: bottom-up and top-down. These categories reflect the direction on the scale of size in 
which synthesis occurs, so that a given material is essentially created either by the assembly of 
smaller units, or the separation of a larger source material into smaller pieces.
15, 19, 64, 65
 These 
generalised methods are described with some specific examples herein. Additionally, an explanation 
of some of the reported methods for synthesising hybrid nanomaterials based on 2D TMDs will be 
given in the following section. 
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2.3.2.1 Bottom-up synthesis methods 
“Bottom-up” synthesis methods refer to the concept of assembling a material from nanoscale building 
blocks.
65-67
 In this manner, relatively large-scale construction of materials can be produced from some 
fundamental species. For the purposes of this research, the most relevant example (and one of the 
most efficient) is that of chemical vapour deposition (CVD), whereby solid powder samples of source 
materials a heated to temperatures high enough to be vapourised and co-deposited onto a substrate.
20, 
68, 69
 This method has been used to produce nanomaterials such as nanoparticles and nanotubes for 
over a decade, and its use in the synthesis of 2D TMDs was first reported in 2012 
18, 70
 In this early 
example, sulphur and MoO3 powders were simultaneously vapourised in a horizontal tube furnace, 
resulting in the deposition of MoS2 monolayers on a silicon substrate. This method proved effective at 
producing large-scale, atomically-flat monolayers of the material, and quickly became an established 
route for synthesis of 2D TMDs.
20, 27, 48, 68
    
 
2.3.2.2 Top-down synthesis methods 
Essentially the opposite of the bottom-up approach, “top-down” synthesis methods refer to any 
process involving the formation of nanomaterials by breaking-off or separation from a larger 
structure, and have been used to produce a wide range of different nanomaterials; some of the 
reported methods include ablation of a target source via laser, arc discharge, evaporation, and 
mechanical exfoliation.
18
 This mechanical exfoliation of fundamental layers from bulk quantities of 
source materials has been well investigated in recent years, with 2D materials produced from graphite, 
the oxides of various metals, and the bulk powders of TMDs such as WS2, WSe2 and MoS2, to name a 
few.
16, 19, 47, 66, 71
 Typically these methods involve physical abrasion or lifting-off of fundamental layers 
by grinding, micromechanical cleavage (as in the famous “scotch tape method”), or ultrasonication in 
solvents or aqueous surfactants.
1, 19, 20, 72, 73
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Chemical exfoliation also works via the separation of fundamental layers from bulk, however in this 
case the separation is induced via the disruption of interplanar van der Waals forces, through the 
introduction of intercalating charged ions (typically small ions such as Li
+
, Na
+
 or K
+
) and subsequent 
gas evolution, electrochemical reaction or sonication.
51, 74
 
In the case of 2D TMD synthesis, mechanical exfoliation has been well-reported as a facile approach 
to high-yield production using bulk powder samples, particularly when combined with enhancing 
techniques such as ultrasonication, or by carefully controlling the exfoliation environment.
72, 75, 76
 
However, there are cases where the desired properties of the synthesis product impose certain 
restrictions on some aspects of synthesis conditions. The incorporation of 2D TMDs into hybrid 
nanomaterials is one such example, and will be described in the next section. 
 
2.3.2.3 Hybrid nanomaterials 
The use of 2D TMDs in heterostructures has been reported for a range of applications, including 
optical and electronic devices, photovoltaics, catalysts, and batteries, when hybridised with materials 
such as graphene, graphene oxide, TiO2, and even alternative phases of the same material (ie. 1T and 
2H WS2).
27, 48, 77-80
 
It has so far been shown that 2D TMD-graphitic composites offer superior characteristics for 
electrochemical systems and photocatalysis, and their heterojunctions show unique advantages for 
optical and electronic devices.
39, 81-85
 In electrochemical systems, working electrodes made of such 
composites can take full advantage of the remarkable properties offered by each of the components. 
For example, when a 2D TMD is used as an intercalation platform, graphene or carbon nanotubes can 
improve the carrier mobility of the system.
46, 86
 Recent research has also predicted that graphene can 
acquire a band gap in the presence of 2D MoS2, while the 2D MoS2 gains higher carrier mobility due 
to synergy with graphene.
39, 87
 In addition, several reports have also shown the viability and high 
stability of these composites in power-efficient battery applications.
83, 84, 88
 Additionally, these 
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composites are much more immune to cracking and delamination over many charge-discharge cycles 
than the pure 2D TMDs.
81
 
2D TMD-graphitic composites can perform as efficient co-catalysts, with the overall performance and 
efficiency being dependent on the ratio of the 2D TMDs to the graphitic materials, as well as sizes of 
both components.
43
 Selection of these ratios and dimensions must therefore factor in the target 
application, stability required, and the actual costs of synthesis. In many of these composites, the size 
of 2D TMDs has been reduced to increase the density of metallic sites, producing defect-rich semi-
metallic or metallic TMDs, increasing catalytic sites and charge-based adsorption of target 
molecules.
39, 45, 89
 Surface-attached co-catalysts have been shown to suppress electron-hole 
recombination, and decrease the activation energy for the surface reaction.
44
 Additionally, a recent 
work has also shown that covalent functionalisation can be achieved by engineering the 1T phase of 
TMDs.
90
 
The photocatalytic performance of 2D TMD-graphitic composites can be augmented if the graphitic 
material is doped. Induced dopants such as nitrogen in graphene and carbon nanotubes can enhance 
photocatalytic properties.
46, 91-93
 These dopants alter the surface energy to promote surface bonding. 
Additionally, in developing electronic devices, TMD-graphitic composites can enhance the 
transconductance, owing to a locally established Schottky barrier modulation.
94
  
 
2.3.3 Applications in Photocatalysis 
2D TMDs have been extensively investigated as photocatalysts, showing strong photocatalytic 
properties together with good stability 
43-46, 95-99
. Amongst 2D TMDs, 2D MoS2 and 2D WS2 are of 
particular interest for photocatalysis with recent research heavily weighted towards 2D MoS2 
27, 43-46
. 
Monolayer WS2, with a direct bandgap of 2.05 eV, a significantly higher melting point in comparison 
to 2D MoS2 and acceptable chemical stability can potentially establish the base for a reliable 
photocatalyst 
36, 44, 95, 100, 101
. Additionally, monolayer WS2 has been shown to achieve higher turnover 
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frequency (TOF) and to be more stable than monolayer MoS2 when applied as a hydrogen evolution 
catalyst 
102
. 
Although enhanced photocatalytic properties have been shown by forming composites of 2D TMDs 
with other nanomaterials, particularly graphitic ones, no studies have been conducted on the effect of 
2D WS2 on photocatalysis efficacy when hybridised with graphitic carbon dots (CDs).
44, 77-79, 99, 103-105
 
Additionally, there has not yet been any study showing the fundamentals of the photocatalysis 
activities to reveal the possible mechanisms of CDs or any other graphitic material on pristine TMDs. 
Consequently, a gap exists in the body of knowledge and further research into this specific 
mechanism, along with a more general investigation into hybridisation-compatible exfoliation 
techniques, would likely be beneficial to the field. 
 
2.4 2D Transition metal oxides 
Strictly speaking, “TMO” refers to transition metal oxides, however in general use the term can also 
be used to encompass the pre- and post-transition metals.
106
 As with TMDs, many TMOs have 
electronic, electrochemical and photonic properties not seen in the bulk material when reduced to 2D 
or few-layer dimensions.
19, 36
 Although TMOs have been reported to have superior stability in air, 
research into synthesis methodology for 2D TMOs is currently lacking relative to that of 2D TMDs.
107
 
2D TMOs in general have proven applications in electronics, photo- and electrocatalysis, and energy 
storage devices.
17, 18, 80
 However, the p-type 2D semiconducting TMOs currently available exhibit 
poor performance relative to their n-type counterparts. As a result, the applications of 2D 
semiconducting TMOs are currently limited to unipolar devices employing n-type materials only.
108
  
Each 2D TMO is formed in its own distinct crystal structure, however these generally consist of 
sheets covalently bonded in two dimensions, and held together by van der Waals forces in the third 
dimension. In some TMOs, fundamental layers are negatively charged, and so a layer of cations exists 
between them in order to maintain overall neutrality of the material.
109
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An interesting example of this aspect of 2D TMOs is tin oxide, a known semiconductor featuring n-
type conductance when observed in the form of stannic oxide (SnO2), and p-type conductance when 
SnO is considered.
21-23
 
Elemental tin is a material that is widely used in commerce. The key properties of tin are its high 
conductivity and low melting point (231.93°C).
110
 This has led to its use in soldering and fusible 
alloys.
111
 Another application is in the form of a thin surface coating on steel products which can be 
seen in the now historic, but still well-known tin can.
112
 In this case, the formation of a thin oxide 
layer on the surface is exploited to provide protection against corrosion.  
Stannous oxide is currently considered as a potential material for use in thin film Field effect 
transistors (FETs), and as the channel material in ferroelectric field-effect memory and 
complementary metal oxide semiconductor (CMOS) devices.
9, 21, 24, 113, 114
 While SnO naturally 
features p-type conductance, it is known to exhibit ambipolar behaviour under suitable conditions, 
making it a promising material for the fabrication of inverters.
24
 SnO has been reported to feature a 
moderate bulk field effect mobility of 1-5 cm
2
V
-1
s
-1
, depending on its deposition method and its 
thickness.
21, 113, 115-117
 Nevertheless, reports on 2D layers of SnO have been contradicting, reporting a 
mobility of 0.05 cm
2
V
-1
s
-1
 for bilayer SnO.
107
 Being an oxide, atomically thin layers of SnO are 
expected to exhibit superior stability under ambient atmospheric conditions, when compared with 
many single element and compound semiconductors.
107
 The favourable stability together with the 
well-established surface chemistry of oxides may furthermore be exploited in sensing applications 
such as in the design of chem-FETs as well as catalysts.
8, 118, 119
 Additionally, SnO can be used as a 
highly transparent single layer semiconductor which is not affected by visible light due to its large 
bandgap.
120
 
Stannous oxide crystalizes in a stratified crystal structure featuring covalent bonds in two dimensions, 
forming layers; these individual layers are held together via weak van der Waals forces in the third 
direction.
107, 121
 Analogous to graphite and bulk h-MoS2, SnO can be exfoliated from the bulk into 
atomically thin layers consisting of only a few fundamental monolayers.
1, 36, 122
 Despite this, SnO has 
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been largely overlooked by the 2D materials research community and the properties of thin two-
dimensional layers are largely unknown. 
In order to sufficiently investigate these properties, large-area, monolayer SnO sheets of consistent 
dimensions and lateral homogeneity are needed. One of the aims of this Ph.D. research is therefore the 
development of a suitable method of synthesising such high-quality 2D SnO samples. 
 
2.4.1 Synthesis methods 
As explained in section 2.3.2, nanomaterials in general can be synthesised via methods that can be 
categorised as either bottom-up or top-down. Although some of the same methods used for 2D TMD 
synthesis can be employed for producing 2D TMOs, the difference in structure and physical 
properties means that other methods unsuitable for 2D TMD synthesis can be used. 
 
2.4.1.1 Bottom-up synthesis methods 
The preparation of 2D TMOs via hydro- or solvothermal synthesis methods involves the organisation 
of ions into target nanostructures, such as through the hydrothermal treatment of an organic molecule 
(saccharides, for example) with a metal salt. This is then followed by calcination to remove the 
organic material, leaving a spherical architecture of metal oxide.
17, 123, 124
 Other examples include 
microwave hydrothermal methods, sonochemical methods (whereby sonication initiates the chemical 
synthesis of nanomaterial oxides)
125
, ionic liquid approaches (both standalone and in conjunction with 
the aforementioned methods) and in-situ CVD, which has been used to grow 2D TMOs on top of 
graphene .
17, 64
 
 
2.4.1.2 Top-down synthesis methods 
2D TMOs are routinely prepared via chemical exfoliation, by exposing the source bulk material to an 
exfoliating solution such as a surfactant or intercalant 
106
, causing an increase in distances between 
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fundamental layers or promoting electrostatic repulsion; an additional step of mechanical agitation 
(eg. stirring, shaking, or sonication) is often then included to further assist the delamination process, 
in a similar manner to the methods used for liquid phase exfoliation of 2D TMDs.
20, 87
  
A recently demonstrated ability to isolate thin interfacial layers of gallium oxide from its liquid parent 
metal by taking advantage of the low adhesion between the metal in the liquid state and its surface 
oxide led to the development of a liquid metal printing technique at wafer scale.
126
 Gallium oxide is a 
well-known insulator, and as such needed to be converted into a semiconducting chalcogenide for 
logic device fabrication. 
It is well known that most metals feature a thin oxide layer at the metal–air interface, which in many 
cases forms in a self-limiting reaction.
127
 These oxide layers are typically just a few nanometres thick, 
constituting a naturally occurring 2D structure. Since these oxides form naturally on the surface of a 
metal, the usual film deposition fundamentals, which rely on island-mediated growth that is 
challenging to be restricted in two dimensions, may not apply. Subsequently these interfacial oxides 
provide the most natural route for creating 2D compounds. As the self-limiting nature of the oxide 
formation has been shown to also apply when in a liquid state, these principles can be applied to the 
exfoliation of oxide layers from the surface of liquid metals. This is further supported by the localised 
nature of van der Waals forces in a liquid, due to the lack of the cumulative effect usually seen in 
solid crystal lattice structures.
128, 129
  
Given the properties of 2D SnO reported in theoretical and preliminary practical works, there is now a 
need for methods of producing large-area sheets of the material. Potential exists for the 
aforementioned recently-reported liquid metal exfoliation to the synthesis of 2D SnO, and so the 
concept will be explored in this research. The pursuit of such a synthesis method is particularly 
important when considering the impact that a stable, 2D p-type semiconductor would have on the 
field of FET devices. 
 27 
 
 
2.4.2 Applications in FETs 
Being an essential component of integrated circuits, FETs are ubiquitous in modern day computing 
and electronics. A range of different materials have traditionally been used to form the insulating gate 
and semiconducting regions of the device. When multiple FETs are placed in series, these will 
alternate between p-type and n-type semiconducting regions; with comparable performance between 
p-type and n-type semiconductors, this arrangement significantly increases efficiency.
130
 However, 
when considering the use of semiconducting 2D TMOs for this application, the relatively poor 
performance of available p-type materials at the current stage of technological development imposes 
strict upper limits on processing speeds.
108
 
The disparity in performance between p-type and n-type 2D semiconducting TMOs is currently the 
main factor limiting their mainstream uptake in electronics, and priority should be given to 
reconciling their performance so that their potential can be fully realised.
108
 
 
2.5 Conclusions 
Research in 2D materials continues to progress at a rapid pace, despite almost two decades of intense 
activity in the general field.
1-5
 2D semiconducting materials show great potential applications such as 
electronic devices, logic devices, spintronics, valleytronics, optoelectronics, sensing and catalysis,
4, 6-9
 
but also present many unique phenomena not seen in the bulk material, such as the transition from an  
indirect to direct band gap.
10-14
 There are major challenges that still need to be addressed before the 
large scale uptake of these emerging materials and technologies by industry can occur.
7
  
As outlined in this chapter, several gaps have been identified in the current body of knowledge. These 
were presented in this chapter during a discussion of the properties and applications of 2D TMDs and 
TMOs, with a focus on the photoluminescence of 2D TMDs and their potential for inclusion in hybrid 
nanomaterials, and on the current methods of synthesis for 2D TMOs. 
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It was found that, in cases where phenomena such as the high-intensity PL emission at monolayer 
flakes edges have been reported, some controversy exists around their explanation. Furthermore, 
significant gaps exist in regards to the loss or change of PL in 2D TMDs such as MoS2 and WS2 
following exposure to ambient atmospheric conditions and high-powered laser, among other 
environmental influences; in general, such effects have been largely ignored. 
It was also found that, although enhanced photocatalytic properties have been demonstrated by 
forming composites of 2D TMDs with other nanomaterials, no study on the fundamentals of the 
photocatalysis activities of CDs or any other graphitic material on pristine 2D TMDs has yet been 
carried out, and that there is a need for research into the mechanisms of such a system. Consequently, 
there is also a knowledge gap regarding the practical aspects of hybridisation-compatible exfoliation 
techniques necessary for producing such a system. 
A third research gap has been identified in the need for methods of synthesis for large-area, 
monolayer sheets of the p-type semiconducting material SnO. Given the promising recent works on 
the technique of exfoliating oxide layers from the surface of liquid metals, the application of this 
method to production of large-area 2D SnO is an important step towards realising the large-scale 
synthesis of this important material. 
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Chapter 3. Laser Exposure Induced Alteration of WS2 Monolayers 
in the Presence of Ambient Moisture 
 
3.1 Introduction 
As presented in Chapter 2, photoluminescence (PL) emergence in monolayer transition metal 
dichalcogenides (TMDs) such as tungsten disulphide (WS2) has been one of the key attractions of 
such materials. This characteristic PL emerges as a result of the transition from indirect to direct band 
gap when the material is reduced to few layer or monolayer dimensions.
1-3
 The mechanisms of this PL 
have been extensively researched, however several aspects remain poorly understood. The long-term 
effect of exposure to light for two dimensional (2D) WS2 is one example 
4-10
, and other aspects of this 
materials’ PL continue to be discovered.11-13 However, there have been many observational 
contradictions in PL measurements presented in the past literature.
11-21
 For example, several reports 
have shown 2D WS2 flakes having PL with high intensity at the edges, relative to the flake centres. 
There has been only limited investigation into the causes of changes in these PL patterns.
14, 15, 19, 20
 
While PL intensity changes at flake edges have previously been reported due to differences in 
exciton/trion concentration ratios within the material, water (H2O) intercalation beneath the flake has 
also been reported as the cause.
15-19, 21
 This section of the thesis addresses such issues.  
In this chapter, the outcomes of the investigations on the effects of high and/or long term radiant 
exposure via laser sources on the PL of 2D WS2, and the role played by ambient moisture in this 
effect, are shown. 2D WS2 samples were characterised before and after high energy input laser 
exposure with and without the presence of ambient moisture. Contrary to previous reports, rather than 
showing obvious signs of structural damage or degradation to the crystal such as reduced height, 
tearing or outright removal of sections
22, 23
, 2D WS2 flakes were carefully explored to find an increase 
in their height across specific regions of the monolayer area after laser exposure. Additionally, PL 
patterns of the flakes changed significantly at these regions after laser exposure. The mechanism for 
this process is comprehensively discussed in the paper. 
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The outcomes of this research have been peer reviewed and published in 2D Materials.
24
 
 
3.2 Experimental 
3.2.1. Materials 
Monolayer WS2 flakes were grown on an atomically flat Al2O3(0001) substrate via CVD and used 
several weeks after their synthesis. Samples were kept under ambient conditions during this period, 
which is known to result in water (H2O) intercalation between substrates and 2D layer edges.
21, 25, 26
 
 
3.2.2 Characterization 
A FEI Scios scanning electron microscope (SEM) was used for imaging of 2D WS2 surface features 
via both through-the-lens (TLD) and secondary electron (T2) detectors. PL mapping was carried out 
on a custom-built confocal microscope using a tunable supercontinuum source (WhiteLase, Fianium 
Ltd., Southampton, U.K.) delivering approximately 300 μW average power to the sample. An air 
objective (100 0.9NA, Nikon Instruments Inc., Melville, NY) was used. A single-photon avalanche 
photo-diode (SPAD) (Excelitas SPCM-AQRH-14) detector was used as the photon counting module. 
532 nm short pass, long pass and dichroic filters were used for selecting the spectral region of interest. 
A spectrometer (SP2500i and PIXIS100 ExCelon, Princeton Instruments, Trenton, NJ) was used to 
analyse the spectral properties of the sample. A Bruker Dimension Icon atomic force microscope 
(AFM) was used for topographical and surface morphology analysis to measure 2D WS2 crystal 
thickness. Raman spectra were collected with a Horiba Scientific LabRAM HR Evolution Raman 
spectrometer with a 532 nm laser excitation wavelength at varying power. Acquisitions were carried 
out with an 1800 lines-per-mm grating for 30 s with 3 averages using a 50× magnification lens. 
Compositional analysis was complimented by x-ray photoelectron spectroscopy (XPS) (Thermo 
Scientific K-Alpha X-ray Spectrophotometer). 
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3.2.3 Experimental setup 
Initial observations of chemical vapour deposition (CVD) -grown 2D WS2 samples were made via 
SEM. Next, samples were placed under the objective lens of a confocal microscope and scanned with 
a 440 nm laser. Individual flakes were selected and exposed to this laser, at a known power and spot 
size for a set time, after which the extent and manner of change to the flakes were observed via further 
characterisation. 
Raman spectroscopy under various well-controlled atmospheric conditions and sample annealing 
were carried out in situ using a temperature-controlled THMS600 Linkam stage. Samples were placed 
within the chamber and measured in three different atmospheric environments: ambient air (with 45% 
humidity), dry synthetic air, and nitrogen. 
 
3.3 Results and discussion 
3.3.1 Morphology and PL patterns prior to laser exposure 
SEM analysis of pristine 2D WS2 flakes of different dimensions (Figure 3.1) showed nanocrystals 
within a small narrow size range and homogeneous morphology: triangular flakes with edges ranging 
from approximately 3.5 to 6 µm in length, typically with one or more multiple-layer islands in their 
centres, and with raised edges 400 to 700 nm wide (see Figure 3.1 - SEM images). 
Initial PL mapping of the 2D WS2 flakes (see Figure 3.1 – 1
st
 scan) showed the fluorescence patterns 
typical to CVD-grown triangular 2D WS2 flakes. PL emission was at its most intense around the flake 
edges, somewhat reduced across the area within this outer fringe, and absent where thick multiple-
layer islands occur. This pattern persisted across a range of different flake dimensions, as shown in 
Figure 3.1. The tendency of PL to be most intense at the flake edges is commonly reported, and has 
been previously explained as the result of H2O intercalation and the favoured formation of exciton 
complexes.
15, 21
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3.3.2 Patterns of 2D WS2 PL after laser exposure 
In laboratory atmospheric condition (45% humidity), 2D WS2 flakes were initially exposed to a 
440 nm laser beam with a measured power of 300 W over 30 seconds, delivering 9 mJ of energy to a 
small area of the flake surface (approximately 0.28 µm
2
, determined by the 400 nm laser spot size) 
resulting in a radiant exposure of approximately 32 mJ/µm
2
 to that area only. PL maps of the flakes 
were then obtained. For each map, the same 440 nm, 300 µW laser, over the course of 300 seconds, 
was rapidly scanned across the sample, delivering 90 mJ of energy to a large, 100 µm
2
 area (a radiant 
exposure of approximately 0.9 mJ/µm
2
). 
 
Figure 3.1: Repeated low radiant exposure (radiant exposure of approximately 0.9 mJ/µm
2
)
 
PL 
mapping scans of four flakes of different sizes, with a small-area laser exposure (radiant exposure of 
approximately 32 mJ/µm
2
), performed prior to each scan. The loss of PL appears to occur regardless 
of flake size, within the observed size range. All scale bars are 2 µm. SEM images acquired via TLD 
detector are included for precise determination of lateral dimensions. All scale bars are 2 µm. PL 
intensity is normalised to the colour bar shown. 
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This two-step process was repeated several times for each flake, with each scan showing 
progressively reduced PL intensity in specific areas. Figure 3.1 (2
nd
, 3
rd
 and 4
th
 scans) shows the 
progressive PL change in four 2D WS2 flakes of varying size, with an initial SEM image showing the 
pristine flake and four consecutive PL maps experiencing the PL pattern change after each scan. The 
experiment proves that the PL pattern change as the result of laser exposure is not flake size 
dependent, but rather is dependent on scan duration. 
In order to ensure that the observed effects were not the result of changes in power but rather radiant 
exposure, a study of the changes to the PL map of a single flake was carried out using several 
different laser powers across two orders of magnitude. Laser powers of 2, 8, 20, 80 and 200 µW were 
applied and maps acquired at 300 seconds and 100 µm
2
 conditions, resulting in 0.006, 0.024, 0.06, 
0.24 and 0.6 mJ/µm
2
 radiant exposure respectively. The experiments were conducted in ambient air 
(45% humidity). As can be seen in Figure 3.2, the dramatic PL pattern changes shown in Figure 3.1 
do not appear to occur on the surface of WS2 flakes exposed to low radiant exposure scans alone, even 
with widely varying laser power. The effects seen in Figure 3.1 can therefore not be explained as the 
result of changing laser power while obtaining PL patterns. 
Further experiments show that radiant exposure values less than approximately 2 mJ/µm
2
 do not 
impact PL measurements, while values above approximately 20 mJ/µm
2
 impact these measurements 
by altering the PL profile. As a result, these two modes of laser irradiation will be referred to as “high 
radiant exposure” (an effective value of approximately 15 mJ/µm2 or higher) and “low radiant 
exposure” (approximately 2 mJ/µm2), respectively, in the rest of this paper to describe the laser 
exposure conditions. In this manner, it was ensured that further measurements are carried out either 
above or below the selected energy input level.  
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Figure 3.2: Repeated PL mapping images of a single flake at varying laser powers. While minimal 
change is observed among the lower powers, the 2 µW to 200 µW maps obtained over 300 seconds at 
100 µm
2
 area (d and e) show a significant increase in PL contribution from the central area of the 
flake. However, the relative intensities between any two locations remain independent of changes in 
excitation power. All scale bars are 3 µm. PL intensity is normalised to the colour bar shown. 
 
Pristine, unexposed 2D WS2 flakes that were repeatedly scanned at low laser radiant exposure 
(0.9 mJ/µm
2
 over 300 seconds) were not observed to go through the same progressive change seen in 
flakes that had previously gone through small-area, high radiant exposure (32 mJ/µm
2
 over 
30 seconds) via laser. To illustrate this, a single 2D WS2 flake (shown in Figure 3.3) was scanned 
eight consecutive times at low laser radiant exposure (0.9 mJ/µm
2
 over 300 seconds); no significant 
change to PL was observed. The laser power dependence investigation presented in Figure 3.2 was 
repeated using a relatively high laser power to test for localised PL intensity changes following PL 
mapping scans at a total radiant exposure that exceeds the deduced threshold of 20 mJ/µm
2
. Laser 
power was set to 2500 µW (25 µW/µm
2
) and 2D WS2 flakes scanned ten times, resulting in a total 
delivery of 75 mJ/µm
2
 to the sample. As shown in Figure 3.4, no overall decrease in PL intensity is 
apparent throughout the course of the ten scans, further supporting the low laser radiant exposure 
results presented in both Figures 3.2 and 3.3 It can be concluded from these findings that, even at very 
high power, the dwell time of the laser beam during mapping scans on any given area of the 2D WS2 
flakes is insufficient to cause the observed localised PL intensity changes. 
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Figure 3.3: Repeated PL mapping scans of a single pristine 2D WS2 flake, carried out at low laser 
radiant exposure (0.9 mJ/µm
2
) but without any previous high radiant exposure (32 mJ/µm
2
) laser 
irradiation. (a) shows an SEM image of the unexposed flake. PL maps are shown after (b) one, (c) 
two, (d) three and (e) eight scans, illustrating the lack of any significant change to PL without 
exposure to sufficiently high radiant exposure laser irradiation. PL intensity is normalised to the 
colour bar shown. 
 
Figure 3.4: PL intensity measurements at two separate locations on a monolayer WS2 flake. The flake 
was scanned ten times at 25 µW/µm
2
 for 300 s per scan, resulting in a total delivery of 75 mJ/µm
2
 to 
the sample. Even with such a large amount of energy applied, no overall decrease in PL intensity is 
apparent at either point. 
 
 44 
 
In contrast, the results of repeated low radiant exposure (0.9 mJ/µm
2
) scans of a single 2D WS2 flake 
following high radiant exposure (32 mJ/µm
2
) are shown in Figure 3.5. This flake was exposed to high 
radiant exposure laser irradiation at two separate locations on the flake surface, followed by twelve 
consecutive low radiant exposure scans to obtain PL maps of the flake (Figure 3.5(c–l) – only ten 
maps are shown here, for brevity of the figure; the remainder are shown in Figure 3.6), and indicate 
consistent and progressive loss of intensity at specific locations across the flake surface. 
 
Figure 3.5: Repeated PL mapping of a single flake at low radiant exposure (0.9 mJ/µm
2
) before and 
after high radiant exposure (32 mJ/µm
2
). (a): Initial SEM image of the flake prior to laser exposure, 
acquired with T2 detector to highlight the flake features relevant to PL mapping. (b): An initial PL 
map of the flake, prior to small-area, high radiant exposure (32 mJ/µm
2
) laser irradiation during 
collection of spectra at the two highlighted points. (c–l): PL spectroscopy maps of the flake following 
these measurements. The maps shown are from the 1
st
, 2
nd
, 3
rd
, 4
th
, 6
th
, 7
th
, 8
th
, 10
th
, 11
th
 and 12
th
 scans 
respectively (only 10 maps are shown here for brevity of the figure). All scale bars are 4 µm. PL 
intensity is normalised to the colour bar shown. (m): Spectra collected at the two points shown in (b), 
before and after collecting the series of PL maps shown in (c-n). An obvious peak shift is apparent 
between spectra from the flake corner and the inner area. The spectra collected at both locations show 
a dramatic decrease in intensity following multiple PL map acquisitions. 
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Regions that experienced the most PL value changes due to the laser light exposure (under ambient 
condition of 45% humidity), are seen to be initiated around the high intensity PL band near the edges. 
It is known that this band of high intensity PL along the flake edges is caused by the raised step under 
which H2O molecules are intercalated. Regardless of their point of origin, areas of PL loss are then 
seen to spread laterally outward from these points, and also the flake edges, incrementally with further 
scans. 
Spectral data obtained at the two points of laser exposure (shown as circles in Figure 3.5 (b)) before 
and after the series of twelve scans confirms the observed loss of PL intensity, however no peak shift 
occurs as a result of the laser exposure (Figure 3.5 (m)). Peak wavelengths at the flake corner and the 
inner monolayer area are located at approximately 620.1 nm and 623.5 nm respectively, a difference 
of approximately 3.4 nm. This peak shift between different regions of monolayer WS2 flakes has 
previously been explained by differences in local concentrations of exciton and trion species.
16, 17, 19, 20, 
27
  
In this study the author observes a higher peak wavelength at the central region, suggesting higher 
trion concentrations relative to the flake edges, in agreement with previous work.
17
 Increase in the 
trion peak of monolayer TMD PL spectrum has previously been shown as the result of excess charge 
in the monolayer due to doping by the Al2O3 substrate.
19, 28
 Given the close proximity of the central 
monolayer region to the substrate relative to the H2O-intercalated edge regions, this increase in trion 
concentration is to be expected. 
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Figure 3.6: The remaining PL maps not included in Figure 3.5 for ease of reading. These maps were 
the 5
th
 (a) and 9
th
 (b) scans of the 2D WS2 flake taken following high radiant exposure (32 mJ/µm
2
) 
laser irradiation. 
 
In order to quantitatively evaluate the contributions of excitons and trions to these PL spectra, peaks 
were fit using previously reported exciton/trion energy values 
29
. Additionally, the difference between 
normalised spectra obtained before and after repeated laser exposure was used to support the spectral 
changes suggested by these exciton/trion peak fits. The results are presented in Figure 3.7 and Table 
3.1. At the inner regions of the WS2 flakes, the PL peak drops in intensity but does not significantly 
change shape; however, the PL peak intensity at the flake corner drops but also undergoes a 
significant change in the exciton/trion ratio. The spectral difference data shown in Figure 3.7 (e) and 
(f) illustrate that while minimal PL change occurs at the inner region of the WS2 flake, a clear change 
is obvious at the flake corner. As can be seen in Table 3.1, trion intensity significantly increases 
relative to exciton intensity at the WS2 flake corner following repeated laser exposure and decrease in 
overall PL intensity. A similar, but much smaller, increase also occurs at the inner region of the flake. 
To determine the effect of changing wavelength on this effect, the experiment was repeated on a 
previously-unexposed WS2 flake using a 500 nm laser. As shown in Figure 3.8, PL intensity was seen 
 47 
 
to decrease significantly following high radiant exposure and eight consecutive low radiant exposure 
scans. However, the decrease was mild in comparison to that seen when using the 440 m laser, and 
this can most likely be explained as the result of differences in the absorbance of monolayer WS2. 
Reported absorbance spectra for this material show a significantly higher absorbance at 440 nm 
compared with 500 nm.
30
 
 
Figure 3.7: Exciton/trion peak fitting of the PL spectra presented in Figure 3.5 before (a and b) and 
after (c and d) the laser exposure study. The difference between the normalised spectra before and 
after repeated laser exposure is presented for the inner region of the WS2 flake in (e) and for the flake 
corner in (f), and illustrates the change in peak shape, independent of overall peak intensity. 
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Table 3.1: Exciton intensity relative to trion intensity in the PL spectra presented in Figure 3.5, given 
as a ratio and percentage of the sum of exciton and trion intensities. As can be seen in the final two 
columns, trion intensity significantly increases relative to exciton intensity at the WS2 flake corner 
following repeated laser exposure and decrease in overall PL intensity. A similar, but much smaller, 
increase also occurs at the inner region of the flake. 
 
Normalised Exciton Intensity Normalised Trion Intensity Ratio % 
Corner, Before 1 0.37 2.70 72.9 
Corner, After 1 0.61 1.64 62.2 
Inner, Before 1 0.86 1.16 53.6 
Inner, After 1 0.95 1.05 51.2 
 
 
 
Figure 3.8: A comparative PL study combining the results previously shown in Figure 3.5, achieved 
with a 440 nm laser excitation (a and b), and a repetition of the same experiment using a 500 nm laser 
(c and d). PL maps shown in (a) and (c) are pristine WS2 flakes prior to high radiant exposure, while 
(b) and (d) show the same flakes following high radiant exposure (at points highlighted by dashed 
circles in (a) and (c)) and eight repeated scans low radiant exposure. PL intensity is normalised to the 
colour bar shown. The reported PL intensity decrease can be clearly seen to occur in both cases, 
although to a much lesser extent in the 500 nm laser exposed sample. 
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A PL intensity increase is seeing at the (suggested) exciton-dominated edge regions. PL intensity is 
significantly larger than the trion dominated areas due to exciton presence. This PL intensity increase 
is likely to be the result of a combination of both exciton species concentration effects and H2O 
intercalation at the flake edges, as has also been reported in previous work.
21
 
AFM mapping images are shown in Figure 3.9. Height profile analysis of a pristine 2D WS2 flake 
shows edges of roughly 1.6 nm in height surrounding a central area with a height of approximately 
0.8 nm, in agreement with previously described values for monolayer WS2.
13, 25, 31
 Raised edges such 
as those seen here have been previously been reported as the result of H2O intercalation between 
various 2D materials and substrates after prolonged storage in ambient conditions.
21, 32, 33
 
The laser-exposed 2D WS2 flake shown in Figures 3.5 and 3.6 was also measured. Interestingly, the 
topography of this flake was found to have three clearly-defined regions, each with different heights: 
approximately 2.2, 1.5 and 0.7 nm, in order from outermost to innermost along the flake surface. In 
stark contrast to the two regions seen in the pristine 2D WS2 flake, this degraded flake showed an 
additional region of intermediate height. This region formed a roughly concentric triangular border 
between the thick outer edge and the central monolayer. The topography of this region coincided 
closely with the areas of localised reduction in PL, as shown in Figure 3.9(c). These results suggest 
that, after laser exposure, the 2D WS2 had been transformed into another material which was thicker 
than the original sample. As such, it was necessary for a full analysis of this material to be conducted 
to ascertain the nature of the surface chemical reaction. 
 
3.3.3 Compositional analysis: impact of H2O molecule exposure 
Based on AFM analysis, it was hypothesised that the increase in 2D WS2 height could potentially be 
due to a chemical reaction with molecules present in the surrounding atmosphere. O2 and H2O were 
initially selected as possible candidates, due to their high atmospheric concentration and reactivity. In 
order to eliminate one or the other of these species, laser exposure was carried out in dry air, normal 
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ambient (the latter of which had approximately 45% humidity) and nitrogen conditions (as the 
reference).  
 
 
Figure 3.9: (a and c) AFM images of 2D WS2 flakes, and (b and d) the height profiles along their 
respective dotted lines. (a and b) show a 2D WS2 flake, prior to laser exposure. (c and d) show the 
same 2D WS2 flake seen in Figures 3.5 and 3.6, following laser exposure. In both flakes, the height 
profile shows an elevated edge region with intercalated H2O underneath monolayer WS2 and a central 
area of intact monolayer WS2; however, in the case of the degraded flake shown in (c and d), an 
intermediary step appears between these two regions. 
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In the atmosphere with normal ambient conditions, O2 and H2O molecules were present; in the dry air 
atmosphere, H2O molecules were excluded; and in the nitrogen environment, both O2 and H2O were 
excluded. For each of these atmospheric environments, a three-stage Raman test of 2D WS2 flakes 
was carried out. During acquisition of the initial spectrum, each flake was exposed in its entirety (via 
a spot size of 10 µm) to a low energy input of approximately 40.5 mJ delivered over 90 seconds 
(radiant exposure of approximately 1.6 mJ/µm
2
), to ensure minimal impact on flake. A second 
spectrum was then acquired at a higher laser power, resulting in a 405 mJ energy input delivered over 
90 seconds (radiant exposure of approximately 16 mJ/µm
2
). Finally, the initial low radiant exposure 
(1.6 mJ/µm
2
) acquisition was repeated in order to determine whether the energy input from the higher 
radiant exposure had caused a permanent change in the Raman spectrum.  
As shown in Figure 3.10a, after the three-stage spectra acquisition, the 2D WS2 flake in an ambient 
condition (with a humidity of approximately 45%) showed a significant drop in intensity of WS2 
peaks at 301.2, 326.4 and 356.5 cm
-1
 (the coincidence of the WS2 and Al2O3 peaks at 417 cm
-1
 makes 
assessment of this WS2 peak loss unreliable) 
25, 34-36
. None of the characteristic Al2O3 (substrate) peaks 
showed this drop in intensity. In a stark contrast, the same process performed in dry air (0% humidity) 
showed no change between the spectra taken before and after laser exposure (Figure 3.10b). As the 
main variable between the two atmospheres tested here is the presence or absence of humidity in the 
surrounding environment, these results are strong evidence for the presence of H2O molecules being a 
crucial factor in the peak intensity reduction. 
Spectra obtained in the nitrogen environment are shown in Figure 3.11. Despite a modest change in 
Raman peak intensity across all peaks in the spectrum, the peak intensity ratios remain effectively 
unchanged. This result confirms that excluding O2 molecules from the laser exposure environment 
does not prevent the observed phenomenon from occurring. This experiment therefore further 
evidences that the increased 2D WS2 height occurs only in the presence of atmospheric H2O 
molecules.  
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Figure 3.10: Raman spectra of single 2D WS2 flakes before and after high radiant exposure 
(16 mJ/µm
2
) laser irradiation, in (a) ambient atmospheric conditions and (b) dry compressed air. 
Spectra have been normalised to the characteristic Al2O3 peaks at ~750 cm
-1
.
35, 36
 When exposed to the 
laser in ambient conditions (with 45% humidity), a dramatic decrease in the intensity of WS2 peaks 
occurs. This result does not occur when the same process is carried out in dry air, strongly suggesting 
that the 2D WS2 flake is permanently affected by laser exposure due to the presence of atmospheric 
H2O. (a and b) inset: a peak corresponding to metal-bound sulphate groups at approximately 960 m
-1
 
is seen to appear after high radiant exposure laser irradiation (16 mJ/µm
2
) in ambient atmosphere, but 
does not occur in dry air.  
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In addition to this observation, it was found that in the case of laser exposure in an ambient condition, 
a Raman peak was formed at approximately 960 cm
-1
 (Figure 3.10a inset) corresponding to previously 
reported values for metal-bound sulphate groups.
37-39
 The outcomes of this experiment suggest the 
formation of sulphate groups on the 2D flakes’ surface when a high radiant exposure is applied via 
laser in the presence of atmospheric H2O molecules. 
In order to build upon the findings of Raman spectroscopy, XPS was carried out on pristine 2D WS2 
flakes and those exposed to high radiant exposure (32 mJ/µm
2
) laser under ambient conditions (45% 
humidity). The results for the W4f and O1s spectra are shown in Figure 3.12. Four peaks were found 
within the W4f spectra, at 32.8, 34.9, 36.5 and 38.2 eV, corresponding to previously reported WS2 
4f7/2, WS2 4f5/2, WO 4f7/2 and WO 4f5/2 values.
40-44
 Following high radiant exposure (32 mJ/µm
2
) laser 
irradiation, the WO 4f7/2 and 4f5/2 peaks increased from approximately 65% to 172% of their 
corresponding WS2 peak intensities. This change suggests that the number of O-bound W sites across 
the monolayer WS2 surface relative to the number of S-bound sites has significantly increased. In both 
samples, S2p peaks were seen at 162.2, 163.6 and 169.4 eV, corresponding to the W-bound S doublet 
and sulphate groups respectively.
42, 43, 45, 46
 In the laser-exposed sample, intensity of the SO4
2-
 peak 
showed an increase from approximately 8.6% of the S2p3/2 peak to approximately 27.9%. A similar 
increase was seen in the O1s spectra, where the laser-exposed sample showed a significant increase in 
the relative intensity of the OH peak at 532.8 eV, from approximately 21.9% to approximately 29.8% 
of the main O peak at 530.7 eV.
47, 48
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Figure 3.11: Raman spectra of single 2D WS2 flakes before and after high radiant exposure laser 
irradiation in a nitrogen environment. Spectra have been normalised to the characteristic Al2O3 peaks 
at ~750 cm
-1
. When exposed to the laser in ambient conditions, a modest difference was measured in 
both WS2 and Al2O3 peaks. As the WS2/Al2O3 peak ratios remain unchanged, it can be concluded that 
the effect observed when the same measurements were conducted under ambient conditions has not 
occurred in this case. 
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Figure 3.12: W4f (a and b), S2p (c and d) and O1s (e and f) XPS spectra in pristine and laser-affected 
2D WS2 samples. WO W4f peaks in the laser-affected sample (b) were found to have increased 
significantly relative to those in the pristine sample (a), indicating an increase in the number of O-
bound W sites across the monolayer surfaces relative to the number of S-bound sites. Additionally, 
large increases in the intensity of the S2p sulphate peak (shown in c and d) and the O1s OH peak (e 
and f) were observed following laser exposure. 
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These results support and complement the findings of Raman spectroscopy analysis, in that a 
significant compositional change is observed in 2D WS2 following high radiant exposure laser 
irradiation (16 mJ/µm
2
,) in the presence of H2O molecules, along with the enhancement of the 
characteristic sulphate peak. This further supports the hypothesis that sulphate groups form upon the 
2D flake surface. Additionally, XPS also suggest the presence of some OH groups. 
In order to eliminate heating as a cause of the described effect, a study was carried with to compare 
samples stored at room temperature (20 ºC) with samples heated on a hot plate in air for 30 minutes at 
temperatures of 80 ºC, 150 ºC, 300 ºC and 420 ºC. Compositional analysis of each sample was then 
carried out via XPS (Figure 3.13 (a) to (e)), and accompanied by PL spectroscopy (Figure 3.14). 
Comparisons were made between samples by observing the relative peak intensity of the WS2 and 
WO 4f7 peaks from the tungsten spectrum. The sum of these two peaks was then calculated, and the 
WS2 4f7 presented as a percentage of this total. The result was a value of approximately 74% for the 
2D WS2 sample stored at room temperature; this value dropped slightly with each increase in 
temperature, to approximately 63% for the 300 ºC heated sample (Figure 3.13 (f)). At 420 ºC, the 
value dropped dramatically to 7%, indicating the near complete oxidation of the sample. This 
temperature is in agreement with previously reported values for the oxidation threshold of monolayer 
WS2.
49-51
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Figure 3.13: XPS spectra of monolayer WS2 samples (a) stored at room temperature and (b to e) 
heated for 30 minutes in air at various temperatures. (f) shows a comparison of the WS2 4f7 peak 
intensity as a percentage of the sum of both WS2 and WO 4f7 peaks. A slight, progressive drop occurs 
in the WS2 4f7 peak relative to the WO 4f7 peak with increasing temperature; however, at 420 ºC this 
peak drops dramatically, indicating the temperature at which near-complete oxidation of the WS2 
surface has occurred. 
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Figure 3.14: PL peak intensity for 2D WS2 samples heated at various temperatures. Some fluctuation 
in PL intensity can be seen as the material is heated to 300 ºC, and at 420 ºC the PL intensity drops to 
background levels. 
 
As the originally reported results of this work have already shown that oxidation is not the cause of 
the observed effect, it can be deduced that any reduction in PL intensity resulting from heating would 
only be observable if it occured below this 420 ºC threshold. Although some fluctuation (both positive 
and negative) in PL intensity was observed from 2D WS2 heated at different temperatures, this 
variance was generally small compared with the observed PL changes in laser-exposed samples, and 
with the near-complete loss of PL intensity seen in the 420 ºC heated sample. It can therefore be 
concluded that the effect is primarily the result of laser exposure, rather than some heating effect. 
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3.3.4 Proposed mechanism 
The main observations yielded by XPS analysis are an increase in the intensity of WO W4f peaks and 
an accompanying augmentation in the characteristic S2p SO4
2-
 and O1s OH group peaks. In 
combination with the results of the Raman spectra shown in Figure 3.10, the observed increase in 2D 
WS2 flake height can best be explained by the substitution of surface sulphur atoms with sulphate 
groups. 
The proposed mechanism is therefore as follows. Below a certain energy input threshold (low radiant 
exposure of less than 2 mJ/µm
2
) laser used during PL mapping scans in this study), laser exposure is 
not able to provide sufficient energy to initiate a change in the 2D WS2 flake surface. However, upon 
laser exposure of adequate radiant exposure (>15 mJ/µm
2
), surface S atoms are able to react with H2O 
molecules in the surrounding environment, being replaced by sulphate groups bonded to surface W 
atoms, as illustrated in Figure 3.15. The process is described by the suggested equation (1), which is 
based on the concomitant formation of H
+
 making the bottom WSx layer semi-metallic via electron 
injection and protonation: 
W(layer)S(surface) + 4H2O  W(layer)SO4 + 8H
+
+ 8e

  (1) 
Once initiated by a sufficient input of energy, the surface reaction is able to continue its lateral 
expansion with relatively small energy input. As a result, repeated mapping of surface PL show 
regions of PL loss spreading outward from their origins incrementally with each scan. This reaction 
appears to occur preferentially at relatively highly reactive regions where sulphur vacancies exist. In 
the case of pristine 2D WS2 flakes that have been exposed to ambient air for several weeks, the flake 
edges and highly mechanically-strained kink areas where H2O intercalation (from the ambient 
moisture) creates a raised step along the surface are known to have relatively high sulphur 
vacancies.
15, 16, 52-54
 The observed PL changes are in agreement with the patterns of surface topography 
change observed in this work. 
In order to support this theory of preference for regions of mechanical strain, the laser exposure 
experiment was repeated using micromechanically-cleaved monolayer WS2 samples produced via a 
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previously reported method of sticky tape exfoliation.
55
 Exfoliated WS2 was confirmed to be 
monolayer via Raman spectroscopy, and were characterised via XPS for comparison with pristine and 
laser-affected CVD samples. As shown in Figure 3.16 (a), XPS spectra show an oxide content 
comparable to that of the CVD-grown 2D WS2 samples used in the main section of this work, 
suggesting compositional similarity. PL spectroscopy data (Figure 3.16 (b)) from two separate points 
on the exfoliated monolayer WS2 flake shows some fluctuations in PL intensity following high radiant 
exposure from the laser followed by eight low radiant exposure scans, but no apparent overall trend or 
decrease. 
 
 
Figure 3.15: Schematic representation of the proposed surface group substitution mechanism. 
Exposure of the 2D WS2 flake to high radiant exposure laser irradiation in the presence of H2O 
molecules facilitates the replacement of surface S atoms with SO4
2-
 groups (a). This process appears 
to preferentially take place at flake edges or regions of intercalation-induced strain, where the surface 
group substitution occurs despite being relatively remote from the actual site of laser exposure. As 
shown in (b), the process is 1. energy is applied to the surface in the presence of atmospheric H2O; 
2. surface group substitution occurs at the site of laser exposure, and at sites along the flake edge or 
intercalated step; and 3. repeated low radiant exposure scans enable progressive lateral growth of 
these initial regions across the flake surface. 
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Mechanically exfoliated WS2 sheets deposited onto substrates are known to have a homogeneous 
moisture layer between the substrate and sample.
56
 By having a homogeneous moisture layer, highly-
strained regions within the crystal are avoided, allowing us to test the hypothesis that the reported 
effect is associated with these regions. The PL spectroscopy data, shown in Figure 3.16, clearly 
supports this hypothesis. 
 
 
Figure 3.16: (a): XPS W4f peak ratios from pristine and laser-exposed CVD-grown monolayer WS2 
and mechanically exfoliated monolayer WS2. A comparison is made using the WS2 4f7 peak intensity 
as a percentage of the sum of both WS2 and WO 4f7 peaks. (b): PL intensity at two separate locations 
on the mechanically exfoliated monolayer WS2 surface for eight PL scans following a high radiant 
exposure from a 440 nm laser. No obvious overall trend can be seen. 
 
Previous work, along with the observations made here, clearly indicates that intercalation of moisture 
in 2D materials can occur rapidly. To ensure that measured samples do not feature intercalated water, 
they would have to be completely isolated from atmospheric moisture from the moment of synthesis 
to the point of measurement. The authors found that simply storing samples in dry air prior to sample 
measurements was inadequate as a means of controlling the effects reported in this work. Future work 
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should investigate solutions similar to the ones developed for the stabilisation of more reactive 2D 
materials such as phosphorene.
57-59
 
 
3.3.5 Further impact of anomalies 
A brief study of 2D WS2 flakes exhibiting anomalous bright points in the PL maps was carried out 
using the same method of repeated laser scanning described previously. As shown in Figure 3.17, 
such flakes were seen to lose PL intensity at these anomalous bright points preferentially over other 
regions. This suggests that these bright points are more reactive relative to other locations on the 2D 
WS2 flake surface, supporting the model. 
 
 
Figure 3.17: PL study of anomalies at 2D WS2 flake edges. In 2D WS2 flakes where such features are 
present, PL intensity loss appears to occur preferentially at the anomalies. PL intensity of the three 
bright points within the highlighted region of (a) and (l) greatly decreases, leaving the monolayer 
region relatively unchanged. PL intensity is normalised to the colour bar shown. 
 
3.4 Conclusions 
2D WS2 flakes have been characterised, irradiated with high radiant exposure laser (>15 mJ/µm
2
) and 
compared with untreated, pristine samples in various atmospheres: ambient conditions with H2O 
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molecules present, and dry air. 2D WS2 flakes exposed to laser under normal humid atmosphere were 
found to have increased height at points close to the edges of the flakes or the H2O intercalation-
induced kinks in the WS2 surface. This change was found to be due to the substitution of surface 
sulphur atoms with sulphate groups in the presence of H2O molecules, following exposure to an 
amount of energy sufficient to initiate this reaction. Once initiated, the substitution of surface groups 
is able to proceed continually from edges or kinks, with continued laser exposure. According to the 
findings of this work, caution must be taken when carrying out operations involving the intense or 
prolonged exposure of 2D TMDs to focussed laser beams, especially under ambient air conditions in 
which humidity is a factor. Thought should particularly be given to the total amount of energy being 
applied, and the photoelectron-generated electron density of the given material.
22
 
There remains some scope for the investigation of the optical energy input threshold levels for a given 
2D TMD, and possibly other 2D materials. In cases where these quantities are either unknown or must 
be exceeded due to experimental considerations or limitations, laser exposure should be carried out in 
a hermetically sealed environment with present gases carefully monitored and controlled. These 
findings are especially valuable in future work when clearly-defined safe energy levels for exposure 
of such 2D materials to laser irradiation. The effect may possibly also be exploited for applications 
requiring surface modification (such as sulphate layer incorporation in the example presented in this 
work). 
In the next chapter, the liquid phase exfoliation of 2D WS2 for the purposes of hybrid nanomaterial 
synthesis will be discussed, along with the incorporation of this material into a photocatalytic hybrid 
with CDs. 
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Chapter 4. 2D WS2/Carbon Dot Hybrids with Enhanced 
Photocatalytic Activity 
 
4.1 Introduction 
While chemical vapour deposition (CVD) is an appropriate method for synthesis of two dimensional 
(2D) transition metal dichalcogenides (TMDs) for applications such as electronic and optoelectronic 
device fabrication 
1
, certain applications such as photocatalysis can benefit from high-concentration 
suspensions of the 2D nanoflakes in a liquid medium.
2-4
 
As described in Chapter 2, 2D TMD-graphitic composites have been shown to have enhanced efficacy 
for electrochemical systems and photocatalysis, as well as optical and electronic devices.
5-9
 Organic 
molecules have previously been shown to have affinity for graphitic nanomaterials 
10, 11
, making 
nanomaterials such as carbon dots (CDs) an example of one such material as a useful component in 
hybrid nanomaterials designed for catalysis of such compounds. Other works have also indicated the 
potential for heterojunction effects in hybrid nanomaterials, which also contribute to improved 
catalytic efficacy.
3, 12, 13
 
A reliable methodology for chemical exfoliation of 2D TMDs had been successfully established in 
several previous works.[REF] However, these methods generally rely on the use of solvents or 
surfactants not compatible with the subsequent addition of other nanomaterials required to form a 
hybrid nanomaterial. For this reason, it was necessary to explore a means of adapting the current 
methodology to suit this purpose. 
In this chapter, a description of the mechanical exfoliation of 2D tungsten disulphide (WS2), followed 
by the synthesis, characterisation and application of a 2D WS2/CD hybrid compound is given. 
Microwave synthesis of CDs has been reported previously as a fast and energy efficient method with 
easily controllable operating conditions.
14, 15
 This route was selected as an effective technique to 
produce stable CDs in the presence of as-prepared 2D WS2, without compromising the properties of 
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either. Using this method, at a specific concentration of the precursor, the CDs are nucleated on the 
surface of 2D WS2. The resulting hybrid material consists of mainly monolayer WS2 functionalised 
with CDs. Due to the presence of CDs on the surface, the hybrid material is able to photocatalyse 
Congo Red (CR) dye at a higher rate than is seen in pristine 2D WS2. The mechanism behind the 
higher performance of the hybrid composite is comprehensively discussed in the text. The outcomes 
of this research have been peer reviewed and published in the Journal of Materials Chemistry A.
16
 
 
4.2 Experimental 
4.2.1 Synthesis of 2D WS2 
The 2D WS2 suspension was produced using a modified two-solvent grinding/sonication method 
reported by Carey et al.
17
 Specifically, 0.2 g of bulk WS2 powder (Sigma Aldrich, 99% purity) was 
added to 20 mL of 35% ethanol solution, then sealed in a sample vial and sonicated in a bath sonicator 
(Unisonics FXP10DH) for 90 minutes. This ethanol-water ratio was selected as an optimum for 
sonication-assisted exfoliation of bulk WS2 into 2D flakes, based on the work of  Zhou et al.
18
 The 2D 
WS2 supernatant was collected by centrifugation (Eppendorf Centrifuge 5702) at 1,000 rpm for 
10 minutes. This was then further centrifuged for an additional 30 minutes at 3,000 rpm, and the 
resulting supernatant was carefully removed and kept as the finished product. 
 
4.2.2 Synthesis of hybrid material 
As produced 2D WS2 nanoflakes were hybridised with CDs by microwave, using citric acid as the 
carbon source. 10 mL of the pre prepared 2D WS2 suspension was added to 10 mL of citric acid 
solution (Chem-Supply, 99.5% purity) of known concentration in 35% ethanol. This 20 mL of mixed 
solution was then placed in a sealed glass tube and microwaved (CEM Discover-S Microwave 
Synthesiser) at 150 °C for 5 minutes.  
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4.2.3 Characterisation 
A Bruker Dimension Icon atomic force microscope (AFM) was used for topographical and surface 
morphology analysis to measure thickness and assess the surface roughness of the synthesised 
materials. Analysis of crystal lattice properties and morphology was performed by high resolution 
transmission electron microscopy (HRTEM) (JEOL JEM-2100F). Composition analysis was carried 
out by x-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha X-ray 
Spectrophotometer). Absorbance measurements were taken via UV-visible spectroscopy (UV-Vis) 
(Agilent Cary 60 Ultraviolet-Visible Spectrophotometer), while optical and photoluminescence (PL) 
properties were measured with an Agilent Cary Eclipse fluorescence spectrophotometer. Raman 
spectra were collected with a Horiba Scientific LabRAM HR Evolution Raman spectrometer with a 
633 nm laser excitation wavelength at 0.6 mW power. Acquisitions were carried out with an 1800 
lines per mm grating for 20 s with 2 averages using a 50× magnification lens. Valence energy 
measurements were carried out using photoelectron spectroscopy in air (PESA) (Riken Keiki AC-2) at 
a power of 150 nW. 2D WS2 and hybrid concentrations were determined by thermogravimetric 
analysis (TGA) (Perkin Elmer Pyris 1) from 40 °C to 850 °C under 20 mL/min nitrogen gas flow. 
Zetapotential was measured with a Malvern Nano ZS Zetasizer. 
 
4.3 Results and discussion 
4.3.1 Crystal structure and morphology 
The solution containing 2D WS2 nanoflakes appeared to be transparent, clear and greenish in colour 
(Figure 4.1). TGA measurement (as presented in Figure 4.2) of this solution found the concentration 
of 2D WS2 to be 1.6 mg/L. 
The crystal structure of 2D WS2 and hybrid material were examined by HRTEM. Figure 4.3a shows 
the HRTEM image of a sample area of 2D WS2. A crystal lattice d-spacing of approximately 0.27 nm 
is identified in the image (Figure 4.3a, upper inset), which corresponds to the (100) lattice plane. 
Appearance of 2D WS2 is further supported by fast Fourier transform (FFT) processing of the images, 
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in which points corresponding to the (110) and (200) planes of 2D WS2 are also observed (Figure 
4.3a, lower inset).
19-22
 Flakes were typically irregularly-shaped with lateral dimensions ranging from 
20 to 80 nm, consistent with previous findings using ethanol/water solvents, with some larger flakes 
reaching sizes of up to 300 nm.
17
 
 
 
Figure 4.1: The as-produced pristine 2D WS2 (left) and the hybrid material (right). 
 
 
Figure 4.2: TGA measurement of 50 mL of the as-produced 2D WS2 solution, from 40 °C to 850 °C 
under 20 mL/min nitrogen flow. The weight can be seen to plateau at approximately 0.08 mg, giving a 
concentration of 1.6 mg/L. 
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Figure 4.3: (a) HRTEM image of a sample area of a 2D WS2 nanoflake. Inset: (above) FFT showing 
six lattice points arranged in a circle around the centre, corresponding to the 0.27 nm lattice 
parameter. (b and c): HRTEM images of CDs produced by microwaving a citric acid solution 
containing 2D WS2 nanoflakes. (b) illustrates how citric acid concentrations higher than 10 mM failed 
to form CDs on 2D WS2. In this case CDs and 2D WS2 remained as separate entities. (c) CDs 
synthesised ranged in size from 2 to 5 nm (synthesised in 1 M acid), with clearly-defined lattice 
spacings agreeing well with the theoretical parameters of graphene. Inset: close view of two CDs, 
with lattices clearly visible. (d) HRTEM image of 2D WS2 following microwave irradiation in a 
5 mM citric acid solution. Inset: (above) FFT image of the lattice points present within the hybrid 
material: the 2D WS2 lattice spacing of 0.27 nm is observed as a circle of six points around the centre 
(labelled A) as with the original material, but is now accompanied by d-spacings of 0.23 nm (B) and 
0.203 nm (C) at different orientations. 
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Following the microwave irradiation, the 2D WS2 flakes were further analysed by HRTEM to 
determine whether the microwaving process affects the flake structure. From standard HRTEM 
(Figure 4.4) and the FFT processed image thereof (Figure 4.4 inset), no apparent change could be 
detected in the material, indicating that the main body of each 2D WS2 nanoflake remains fairly intact 
during the microwave irradiation process. 
 
 
Figure 4.4: HRTEM of a pristine 2D WS2 flake following microwave irradiation. No apparent 
difference can be seen in the appearance or FFT point spacings relative to those of the as-produced 2D 
WS2 sample. 
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The first attempts at synthesising the hybrid material involved mixing pre-produced CDs into the 
suspension of 2D WS2, however no evidence was found for any bonding or interaction between the 
two materials after characterisation of these samples. It was hence decided to directly synthesise the 
CDs in the 2D WS2 suspension, hypothesising that the flakes may help in the nucleation of the CDs 
on their surfaces. Previously, Xu et al have synthesised CDs via a microwave process, which was 
selected for its simplicity and compatibility with the presence of existing nanomaterial suspension for 
in situ synthesis.
14, 15
 Using the general method outlined in the Experimental section, an investigation 
was undertaken to obtain the optimum concentration of citric acid for hybridisation of 2D WS2 with 
CDs. Citric acid was added to a series of as prepared 2D WS2 nanoflake samples at the concentrations 
of 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 500 and 1000 mM. The samples were then characterised by 
HRTEM and UV-Vis spectroscopy. At citric acid concentrations of 10 mM and higher, CDs were 
physically separate from the 2D WS2 flakes as observed by HRTEM (Figure 4.3b). This set an upper 
limit on what concentrations could be effectively used for the purposes of this study. Furthermore, 
CDs were found to increase in diameter with increasing the citric acid concentration, starting at 
roughly 1 nm diameter for the 10 mM solution and ranging from 2-5 nm diameter in the case of the 
1 M solution (1 M example is shown in Figure 4.3c). For all concentrations, the CDs were observed to 
be perfectly crystalline, with lattice d-spacings in close agreement with that of the values for 
graphene, as shown in the inset of Figure 4.3c.
23, 24
 
Based on the HRTEM characterisation, it was seen that 5 mM was the most appropriate concentration 
for hybridisation of CDs onto 2D WS2 nanoflakes, given that the highest concentration of CDs was 
formed on the surface of 2D WS2 without the presence of individually nucleating CDs in the solution. 
For this reason, hybrid samples with a citric acid concentration of 5 mM were used as the focus of 
compositional and optical analysis. 
Following the microwave irradiation in the presence of citric acid, the hybrid material was 
characterised. Figure 4.3d shows a typical HRTEM image of the hybrid. The (100) lattice plane was 
once again observed as with the pristine material, but this time with two other prominent d-spacings, 
as shown in the upper inset of Figure 4.3d. The lattice spacing of 0.203 nm corresponds well to the 
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theoretical (101) and (011) planes of graphene, which provides evidence for the presence of graphitic 
nanoparticles on the 2D WS2 surface.
25
 An example of the visible CDs on the surface of a 2D WS2 
nanoflake is shown in Figure 4.3d, lower inset. The 0.23 nm d-spacing observed closely matches the 
theoretical value for the (103) d-spacing of 2H-WS2.
23, 24, 26-28
 In terms of lateral dimensions, the 
hybrid nanoflakes did not appear to differ significantly in size relative to the pristine 2D WS2. Figures 
4.5a and d are representative AFM images for the pristine 2D WS2 nanoflakes and hybrid materials, 
respectively. The corresponding height profiles of these flakes are given in Figures 4.5b and e. The 
statistical analysis of layer thickness distribution of the samples were conducted and shown in Figure 
4.5c. It can be seen that the thickness of 2D WS2 nanoflakes ranges from 0.6 to 1.4 nm, corresponding 
to 1 to 2 fundamental layers of WS2 as previously reported, while the majority of the flakes have 
monolayer thickness.
2, 29, 30
 The thickness of the hybrid nanoflakes ranges from 4.4 to 6.0 nm (Figure 
4.5c), suggesting most likely that CDs of 1.5 to 2.7 nm in thickness have been formed upon both sides 
of 1-2 monolayer-thick 2D WS2 nanoflakes. 
 
4.3.2 Compositional analysis 
The effect of the hybrid formation on the composition of 2D WS2 nanoflakes was investigated using 
Raman spectroscopy. The Raman spectrum of pristine 2D WS2, shown in Figure 4.6a, has two 
prominent peaks which are identified as the in-plane mode  2g
1  located at 352.2 cm
-1
 and the out-of-
plane mode     at 421.3 cm
-1
. Relative to the pristine material, the  2g
1  and     Raman modes of the 
hybrid material are shifted toward lower wavenumbers by 0.8 and 0.5 cm
-1
, respectively (Figure 4.6b) 
which is associated with slight doping of 2D WS2.
31
 The Raman spectrum of the hybrid exhibits two 
additional peaks at 1330 and 1560 cm
-1
 (Figure 4.6a), which correspond to the D and G bands of 
graphitic materials.
32
 The D band in this hybrid material is approximately 80% of the intensity of the 
G band, in close agreement with previously reported results for graphene oxide.
33, 34
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Figure 4.5: (a) AFM image of a 2D WS2 nanoflake, and (b) the corresponding height profile along the 
line overlaid in the image. (c) Statistical analysis of the layer thickness distribution of 2D WS2 and 
hybrid samples. (d) AFM image of a hybrid nanoflake, and (e) the corresponding height profiles along 
the line overlaid in the image.  
 
The composition after hybridisation was also studied by XPS. From Figure 4.6c, the W4f spectrum 
shows peaks at approximately 33, 35, and 38 eV that correspond to the W4f7/2, W4f5/2 and 5p3/2 peaks 
typical of 2D WS2, suggesting a physical adsorption of CDs onto the 2D WS2 surface rather than any 
covalent bond formation between tungsten atoms and CDs.
35
 The S2p spectrum showed the same 
similarities between samples, suggesting sulphur atoms also remained unbound with CDs (Figure 
4.7). Valence spectra for both materials were found to be essentially the same as shown in Figure 4.7, 
with a Fermi level measured at 0.5 eV above the valence band maximum, in agreement with 
previously reported values.
36
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Figure 4.6: (a) Raman spectra of 2D WS2 and the hybrid material. (b) Close-up of WS2 peaks seen in 
(a) showing shift of  2g
1  and     Raman vibrational modes. In the hybrid material, both these modes 
have redshifted slightly compared to the pristine 2D WS2. (c) W4f XPS spectrum of the hybrid 
material, showing all three peaks reported as standard for 2D WS2. 
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4.3.3 Optical properties of 2D WS2 and hybrid material 
The optical properties of pristine 2D WS2 were studied by measuring the absorption spectra using PL 
and UV-Vis spectroscopy. PL spectra of 2D WS2, microwaved 2D WS2 and the hybrid material all 
showed the same set of peaks, the highest energy of which indicates few-layer WS2 fluorescence, as 
previously reported (Figure 4.8).
22, 29, 30, 37, 38
 There was no apparent difference in PL among the 
various WS2-based materials, suggesting that the PL properties of the pristine 2D WS2 flakes are 
unaffected after the hybridisation process. The UV-Vis spectrum in Figure 4.9 shows distinct 
absorption maxima at approximately 633, 525, 460 and 425 nm, which correspond to excitons A, B, C 
and D as previously recorded.
2, 38-40
 Two distinct but low-intensity peaks are seen at 358 and 332 nm, 
and for ease of discussion are referred to herein as E and F. The microwave-processed 2D WS2 shows 
a slight reduction in intensity of the lower wavelength peaks relative to the original, pristine 2D WS2. 
However, the changes observed across the whole spectrum are significantly greater for the 2D WS2 
microwaved in the presence of citric acid. Peaks E and F in particular are reduced to the point of loss, 
for which there are a number of possible explanations. It is possible that the loss of these two peaks is 
due to doping of the 2D WS2 or an electronic exchange with the CDs. An additional peak can be seen 
in the UV-Vis spectrum at 270 nm, most likely a plasmon peak appearing due to the metallic nature of 
the 2D WS2 that arises from surface defects. A similar plasmon peak is also observed in highly doped 
2D molybdenum disulphide (MoS2).
41
 Microwaving the pristine 2D WS2 has resulted in a prominent 
increase in this peak as the material becomes increasingly defective, thus becoming more metallic in 
nature. In contrast, the formation of CDs on the surface of the hybrid material appears to reduce the 
number of defects and the plasmon peak at 270 nm is subsequently reduced. Correspondingly, the 
area between 250 and 400 nm has a lower overall intensity than both of the 2D WS2 samples. 
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Figure 4.7: (a) S2p and (b) C1 XPS Spectra. Neither spectrum shows any change between the pristine 
and hybrid materials other than the formation of oxide peaks, further increasing the likelihood that the 
inter-material bonding in the hybrid is electrostatic or van der Waals forces rather than covalent. 
 
4.3.4 Photocatalysis of CR by 2D WS2 and hybrid material 
To gain insight into whether the formation of the 2D WS2/CD hybrid material can lead to increased 
photocatalytic activity, the materials were tested in photodegradation of a model organic pollutant. 
Here, CR was selected as an appropriate model dye based on its use in similar previous work on 
testing photocatalytic activity.
42, 43
 The photocatalytic effects of 2D WS2 have been previously 
reported, as have those with graphene as a component of hybrid materials.
12, 13, 42
 A 1 mg/L CR dye 
(Sigma Aldrich) in 35% ethanol solution was prepared for photocatalysis measurements, containing 
1.5 mL of the 2D WS2 suspension and with a total volume of 10 mL (2D WS2 concentration of 
0.24 mg/L). The same process was followed to prepare a solution using the hybrid material in place of 
2D WS2. This catalyst/analyte ratio was selected based on that used in similar experiments reported 
by Di Paola et al.
35
 The solution was sealed in a 20 mL glass vial and exposed to light from an Abet 
Technologies LS-150 broad spectrum light system, while stirring at 800 rpm (see Figure 4.10 for 
output spectrum). UV-Vis absorbance measurements were taken at set durations of 0, 20, 40 and 60 
minutes of exposure to the solar simulator, and the two samples were compared using this data. The 
full set of absorbance spectra are shown in Figure 4.11. 
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Figure 4.8: PL spectra of the 2D WS2 flakes, before and after being irradiated by microwave and after 
being microwaved in the presence of citric acid. No apparent difference in the PL spectrum can be 
discerned. 
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Figure 4.9: UV-Vis spectra of pristine 2D WS2 before and after microwave irradiation, and the hybrid 
material. 
 
Drawing comparison between photocatalysis results of these two materials clearly shows a 
significantly higher photodecomposition of CR by the hybrid material. After 60 minutes of exposure 
to the light source and in the presence of the hybrid material, the CR absorption peak at 510 nm was 
seen to drop to 49.5% of its initial measured value. By the same measure, the pristine 2D WS2 
material was seen to cause a drop in the same peak of only 64%. After 60 minutes of exposure to the 
light source, from an initial CR concentration of approximately 1.25 µM, the hybrid material reduced 
the concentration to 0.62 µM, compared to 0.8 µM for the pristine 2D WS2. The conclusion can 
therefore be drawn that the hybrid material was approximately 30% more efficient as a photocatalyst 
than the pristine 2D WS2. Measurements of valence energy for the 2D WS2 and hybrid samples and 
for CR were made with PESA. Repeated measurements found the values for pristine WS2, the hybrid 
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material, and CR to be 5.55, 5.50 and 5.26 eV, respectively (Table 4.1, Figure 4.12). The conduction 
band minimum energy level for the hybrid material was taken from the highest energy peaks seen in 
the UV-Vis absorption spectrum (Figure 4.9). These values provided a working basis for the 
theoretical energy transfer diagram shown in Figure 4.13, and are supported further by previously 
reported values for the band gap of 2D WS2.
44-46
 Because of the uncertainty and difficulty of 
measurement involved in determining the energy structure of CDs in the hybrid material, the 
previously reported Fermi level of graphene and graphene oxide, 4.5 eV, is used here as an indication 
of the possible route of energy transfer in the hybrid material.
47-49
 This Fermi level is sufficiently 
distant from the valence band energies of 2D WS2 and CR that electronic interactions are unlikely, as 
supported by the relatively small changes seen between peaks A-D of pristine and hybrid samples in 
the absorbance spectra of Figure 4.9. The role of 2D WS2/CDs heterojunctioning in the photocatalytic 
activity of the hybrid material is unlikely. The proposed mechanism is therefore suggested as shown 
in Figure 4.13. However, due to the dependency of the graphene Fermi level on environmental 
conditions and the significant differences between standard graphene and the CDs used here, an 
electronic interaction between the two-component materials cannot be completely ruled out.  
Altogether, the role of CDs may simply be to passively boost the inherent photocatalytic activity of 
the 2D WS2 via increased physisorption of CR molecules onto the hybrid flakes. This is a likely 
assumption as the physisorption of organic aromatics onto graphene for chemical and environmental 
applications has been widely reported.
10, 11
 Considering the locations of the CD Fermi level, the 
conduction and valence bands of 2D WS2 and the HUMO/LUMO of CR, a heterojunction effect due 
to the fast separation of electron-holes is not a plausible assumption. 
For benchmarking, comparisons were made between the materials developed in this work with other 
recently reported nanostructured TMDs and their hybrids.  
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Figure 4.10: The solar simulator used in the photocatalysis stage of this study was a 150 W LS Xenon 
arc lamp source. The wavelengths and corresponding intensities are presented here. 
 
Table 4.1: Ionisation potential values of 2D WS2, the hybrid material, and CR as measured by PESA. 
Sample Ionisation Potential (eV) 
2D WS2 5.55 
Hybrid 5.5 
Congo Red 5.26 
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Figure 4.11: UV-Vis absorbance spectra after elapsed time of 0, 20, 40 and 60 minutes following 
addition of CR and beginning of exposure to simulated solar light in (a) pristine 2D WS2 and (b) the 
hybrid material. In both cases, the intensity of the CR absorbance peaks drops increasingly with 
longer exposure time, however this rate of change is higher in the case of the hybrid material. This 
difference can be more clearly seen in (c), where the initial and final spectra of each sample are shown 
together for comparison. 
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Figure 4.12: PESA spectra of pristine 2D WS2, the hybrid material, and CR. 
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Figure 4.13: (a) Conduction and valence band levels of 2D WS2 and HOMO/LUMO levels of CR, 
with the Fermi level of CDs shown for reference. (b) The proposed energy transfer process for 
catalysis of CR by the 2D WS2/CD hybrid. (I) CR molecules move into close proximity to the hybrid 
material surface. (II) Excitation of electrons in the 2D WS2 by incoming photons leaves holes in the 
valence band, enabling (III) transfer of CR valence electrons to fill them. (IV) Loss of valence 
electrons results in decomposition of CR as this transfer progresses. (c) Absorbance vs. time plot 
showing photocatalysis rates of the pristine and hybrid samples. The hybridisation process can be seen 
to result in more efficient photocatalysis of CR, with approximately 30% more CR decomposed after 
60 minutes. 
 
First, the physical and photocatalytic properties of the 2D WS2 and its hybrid produced here were 
benchmarked against the morphological characteristics and performance of several WS2 
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nanomaterials (Table 4.2). Here, turnover frequency (TOF) was chosen as the representation of the 
photocatalytic efficacy of each material. 
TOF values for each material were calculated using: 
    (  )   
                (   )       ( ) ⁄
                      (   )
  (1) 
where the total amount of TMD present in the sample was assumed to be the only functional 
component contributing to photocatalysis, and as such was selected as the best representative common 
to each material.
50
 From this comparison, it can be seen that the 2D WS2 produced in this work is of 
comparable TOF to the one reported by Vattikuti et al.
51
 However, the 2D WS2/CD hybrid provides a 
TOF of 290 µHz which is higher than any other report, indicating the enhancing effect of the CDs. 
As the second comparison, the developed materials in this work were benchmarked against the 
photocatalytic activities of 2D MoS2 and their hybrids (Table 4.3). The 2D WS2/CD hybrid efficiency 
is better than even the best performing ternary hybrid in the form of2D MoS2/graphene oxide/C3N4.
52
 
Altogether, the 2D WS2/CD hybrid created here has better properties in terms of surface ratio and 
synergy in comparison to the hybrids of nanostructured MoS2 with graphene and graphene oxides for 
creating a photocatalytic material. 
 
Table 4.2: Comparison of photocatalytic performance of recently reported 2D WS2 and this work. 
Material Average lateral 
dimensions 
Average 
thickness 
TMD 
concentration 
Illumination source 
(optical density) 
Target dye Degradation 
after 10 mins 
TOF 
(µHz) 
Reference  
WS2 nanosheets ~2-4 µm 100 nm 1000 mg/L 350 W Xe lamp 
(34 mW cm-2) 
Methyl orange 
(20 mg/L) 
3% 0.76 13  
WS2 platelets ~1-2 µm 20-100 nm 5 mg/L 300 W Xe lamp 
(N/A) 
Rhodamine B 
(10 mg/L) 
11% 190 51  
Mesoporous WS2 
nanosheets 
~2 µm N/A 1000 mg/L 150 W UV lamp 
(N/A) 
Rhodamine B 
(4 mg/L) 
21% 0.72 53  
2D WS2 
nanosheets 
~50 nm ~1 nm ~0.24 mg/L 150 W Xe lamp 
solar simulator 
(100 mW cm-2) 
Congo red 
(1 mg/L) 
7% 170 This work 
2D WS2/CD 
hybrid nanosheets 
~50 nm ~5 nm ~0.24 mg/L 150 W Xe lamp 
solar simulator 
(100 mW cm-2) 
Congo red 
(1 mg/L) 
12% 290 This work 
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Table 4.3: Comparison of photocatalytic performance of 2D TMD/carbon-based material hybrids. 
Hybrid material TMD 
concentration 
Illumination source 
(optical density) 
Target dye Degradation 
after 10 mins 
TOF 
(µHz) 
Reference  
MoS2 quantum 
dots/graphene/titanium 
dioxide nanosheets 
~360 mg/L 150 W Xe lamp solar simulator 
(100 mW cm-2) 
Rhodamine B 
(10 mg/L) 
16% 49 54 
MoS2/graphene oxide 
hydrogel 
20 mg/L 500 W Xe lamp (N/A) Methylene blue 
(1 mg/L) 
32% 13 55  
2D MoS2/graphene 
oxide/C3N4 ternary hybrid 
~2.5 mg/L Xe lamp solar simulator 
(100 mW cm-2) 
Rhodamine B 
(10 mg/L) 
9% 210 52  
2D WS2/CD hybrid 
nanosheets 
~0.24 mg/L 150 W Xe lamp solar simulator 
(100 mW cm-2) 
Congo red 
(1 mg/L) 
12% 290 This work 
 
 
4.4 Conclusions 
A hybrid nanomaterial has been synthesised and shown to consist of mostly monolayer 2D WS2, upon 
which CDs were synthesised in situ via microwave irradiation.  These CDs were proven to be adhered 
to the 2D WS2 basal plane via van der Waals attraction forces. The presence of CDs on the surface of 
2D WS2 was confirmed by HRTEM and AFM, while Raman spectroscopy, XPS and UV-Vis 
absorption results showed only slight changes in the 2D WS2 relative to the pristine material, further 
confirming that the van der Waals forces are the likely reason that CDs are held onto 2D WS2. The 
hybrid material was then shown to bring about an approximately 30% increase in the rate of 
photocatalysis of CR relative to that of pristine 2D WS2, effectively demonstrating the viability of the 
synthesis concept. After a thorough assessment of the relative electronic band structures of CDs, 2D 
WS2 and CR, it was suggested that the enhancement is due to increased affinity of CR molecules onto 
the surface of the flakes rather than a 2D WS2/CD heterostructuring effect. It was also shown that the 
hybrid material’s photocatalytic activity was superior in comparison to previously reported 
nanostructured WS2 and also hybrids based nanostructures of other TMDs.  
The functionalisation with CDs method presented here should be generally applicable to most 2D 
TMDs, where surface activation or creation of binding sites is either difficult or not appropriate for 
the target application. Without the need for disruptive or harmful chemical agents to assist in surface 
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functionalisation, this technique may be valuable as a model for the safe and simple additive synthesis 
of progressively complex nanoheterostructures, for which recent research has already shown 
promising advances.
56
 Future investigations may use the findings of this work as a concept model to 
be expanded into the development of novel optical and electronic devices. 
In the next chapter, the use of liquid metal van der Waals exfoliation in the synthesis of monolayer 
SnO, and the potential applications of this 2D semiconducting transition metal oxide (TMO), will be 
discussed.  
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Chapter 5. Wafer Scale Synthesis of Semiconducting SnO 
Monolayers from Interfacial Oxide Layers of Liquid Tin Metal 
5.1 Introduction 
Two dimensional (2D) transition metal oxides (TMOs) have been reported as valuable materials for a 
range of novel applications, and several recent works have highlighted the need for viable methods of 
large-area TMO monolayer synthesis.
1-8
 Given the lack of recent work on synthesis of 2D TMOs 
relative to their transition metal dichalcogenide (TMD) counterparts and their superior stability in air, 
the development of novel synthesis methods would help address an important gap in the current body 
of knowledge.
9
 
In this research, the author proposes that tin, which is already widely used as interconnects in the 
electronics industry, may also serve as a precursor for semiconducting materials, provided that the 
interfacial oxide layer can be isolated. A liquid metal based approach is expected to be compatible 
with most substrates including certain polymers, due to the low melting point of the metal. 
Furthermore, the low toxicity of tin when compared to many transition metals, and its low price when 
compared with other low melting point metals such as indium and gallium, render tin as a promising 
choice for the development of such a process.
10
  
Under atmospheric conditions the native oxide of solid tin consists of both stannous oxide (SnO) and 
stannic oxide (SnO2).
11, 12
 Interestingly, the surface oxide of liquid tin is dominated by SnO after 
melting, due to the redistribution of Sn and O atoms across the interface.
13
 SnO2 can also occur on 
liquid tin; however, it is only found on the surface after exposure to larger quantities of oxygen, 
indicating a potential opportunity to harvest thin SnO layers from liquid tin if oxygen exposure is 
carefully controlled.
13
  
In this chapter, a liquid metal van der Waals exfoliation technique that is suitable for the deposition of 
large monolayer SnO sheets is described. This research yields a reliable and facile large scale 
production method for 2D SnO and presents its characteristics. 
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The outcomes of this research have been peer reviewed and published in ACS Nano.
14
 
 
5.2 Experimental 
5.2.1 Van der Waals exfoliation of 2D SnO 
2D SnO nanosheets were grown using a liquid metal van der Waals exfoliation technique. Elemental 
tin (99.8% Roto Metals) was made molten on top of a microscopy glass slide using a hot plate, heated 
to 300 °C. After melting, the liquid droplet appeared dull-grey due to the presence of a thick oxide 
layer that formed during storage of the solid metal. In order to remove any pre-existing oxide layer 
and to expose a pristine metal surface, the liquid tin was preconditioned prior to the van der Waals 
exfoliation. Experiments were conducted either under an ambient atmosphere or within a continuous 
purge glovebox.  
Outside the glovebox preconditioning could easily be achieved by scraping off the top layer of the 
molten metal using a glass Pasteur pipette or a glass rod. Outside of the glovebox the tin surface 
transitioned from reflective metallic through transitionary yellow and red stages back to dull grey over 
a time span of 30 minutes (see Figure 5.1). Inside the glovebox, the wetting behaviour of liquid tin 
towards glass was observed to be different when compared to ambient atmospheric conditions, 
prohibiting the use of the previously described conditioning method. Thus, preconditioning of the 
liquid metal for the reduced oxygen atmosphere experiments was conducted by placing the liquid 
droplet in between two microscopy glass sheets. A pristine droplet of liquid metal is observed to 
penetrate through the native oxide layer when pressure is applied to both sides of the liquid metal in a 
squeezing motion, leaving the thicker oxide layer sandwiched between the sacrificial glass sheets (see 
Figure 5.2).  
After preconditioning of the liquid metal, the freshly formed interfacial oxide layer can be exfoliated 
from the liquid metal by touching the liquid metal with a suitable substrate (see Figure 5.3). 
 94 
 
 
Figure 5.1: Photographs of liquid tin heated on top of a hotplate in an ambient atmosphere. The oxide 
layer was scraped off the liquid metal just prior to taking the first picture at 0 min. The photos were 
taken after the indicated time intervals. 
 
Substrates used in this study include silicon wafers featuring a ~100 nm thermal oxide, quartz slides, 
transmission electron microscopy (TEM) grids and soft polydimethylsiloxane (PDMS). When wafers 
and quartz slides were used, the substrate was preheated to 300 °C in order to avoid freezing of the 
liquid metal upon contact. This was found to be unnecessary when PDMS was used. When TEM grids 
were utilized, these grids were placed on top of soft PDMS in order to facilitate the handling of fragile 
TEM grids and avoid grid damage. The method for the preparation of PDMS has been described 
elsewhere.
15
 Field effect transistors (FETs) were fabricated utilizing pre-patterned electrode pairs on 
80 nm SiO2/Si substrates (channel width 4 m, channel length 8 m). The electrode pairs were 
realized with a standard photolithography processes. The metal electrodes Cr/Au (5/50 nm) were 
deposited using electron beam evaporation. Finally, lift-off in acetone was carried out to reveal the 
required metallic contact pads for micro-probing and electrical measurements. The thin sheets of SnO 
were directly deposited on top of the pre-patterned substrates. 
For the resistive NO2 sensing experiments, electrical contacts were added to the monolayer SnO 
prepared in a glovebox. Contacts, separated by approximately 1 mm, were made using silver paste. 
The resistance of the device was measured using a Keithley 2001 digital multimeter. Resistance 
measurements were conducted with the sample held inside a sealed Linkam HFS600E-PB4 gas testing 
chamber. An MKS Multi Gas Controller 647B mass flow controlled multichannel gas calibration 
system was used for regulating the incoming gas stream at a total constant flow rate of 200 sccm 
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(0.2 L min
−1
) to the Linkam chamber. Change in resistance of monolayer SnO in response to changing 
atmosphere was measured by repeatedly alternating between dry air and 11.1 ppm NO2 in dry air, at 
200 sccm at 5 minute intervals. These measurements were conducted at room temperature.   
 
 
Figure 5.2: Schematic diagram of the preconditioning process used inside the glovebox. The 
elemental tin was melted on a hot plate while being placed on top of a microscopy glass slide. A 
second smaller glass slide was placed on top of the molten metal. The second glass slide was 
preheated to avoid freezing the tin on contact. Force was then applied to the top glass slide, squeezing 
the liquid metal. The liquid metal was found to penetrate through its oxide layer, leaving the oxide as 
residue between the two glass slides. A shiny metal droplet was obtained which could be used for the 
synthesis of 2D SnO nanosheets. 
 
5.2.2 DFT Calculations 
Density functional theory (DFT) calculations were performed using Gaussian basis set ab initio 
package CRYSTAL14,
16, 17
 using a Hybrid DFT functional of the B3LYP type,
18
 the functional uses 
BECKE Exchange and LYP correlation as the original B3LYP but the amount of Hartree-Fock exact 
exchange was set to 10% as this value gave a better description of the bulk band structure. An 
empirical London-type correction to the energy, to include dispersion contributions to the total 
energy, was also used. The correction term is the one proposed by Grimme.
19
 For oxygen a Triple 
Zeta Valance basis set (TZV), with polarization functions, was used for modelling the electrons.
20
 For 
Sn a fully relativistic effective core potential was used to account for the 28 core electrons 
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(1s
2
2s
2
2p
6
3s
2
3p
6
3d
10
) and a 411(51d) basis set for the valance electrons.
21
 Bulk calculations were 
conducted using a 12×12×12 Monkhorst-Pack k-point mesh. Single-layer and bi-layer slabs of SnO 
were constructed from the bulk and geometry optimized prior to calculating the band structure.
22
 
Summarized band transitions and dimensions of the utilized crystal structure are shown in Tables 5.1, 
5.2 and 5.3. 
 
 
Figure 5.3: Schematic representation of the synthesis method. Elemental tin is melted on top of a glass 
support using a hotplate. The surface of the liquid metal features an ultrathin passivating oxide layer 
that forms rapidly even in reduced oxygen environments.
12, 13
 A cleaned SiO2/Si wafer is brought into 
contact with the liquid metal. The van der Waals forces between the tin oxide layer and the SiO2 
surface lead to the adhesion of the 2D surface oxide to the substrate.
23
 Comparatively weak adhesion 
of tin oxide to its parent metal allows the delamination of the surface oxide layer when the substrate is 
lifted off of the liquid metal. The same process is applicable for other substrates such as quartz 
substrates or TEM grids on PDMS. 
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Table 5.1: Selected band transitions. Brackets refer to regions in the first Brillouin zone where the top 
of the HOMO band and bottom LUMO band reside. For example () means the top of the HOMO 
band and bottom to the LUMO band are at the Gamma point (0,0,0) and M-point (1/2,1/2,0) 
respectively. 
 Indirect bandgap (eV) Direct bandgap (eV) Bandgap () (eV) 
BULK 0.70 () 2.75 () 3.27 
Monolayer 4.12() 4.21() 4.21 
Bilayer 1.57() 3.09() 3.15 
 
Table 5.2: Selected band transitions of monolayer SnO under different electric field strength. 
 Indirect band-gap (eV) Direct band-gap (eV) 
E = 0 V cm
-1
 4.127 4.200 () 
E = 2.5×10
8 
V cm
-1
  Not dominant 3.844(-) 
 
Table 5.3: BULK Structure: SnO: Tetragonal, Space Group 129, (P 4/nmmS) 
 a c/a 
This work 3.79 1.19 
Experiment
24
  3.796(6) 1.27 
 
5.2.3 Characterization 
Atomic force microscopy (AFM) was conducted using a Bruker Dimension Icon AFM. The AFM 
images were processed and analysed using Gwyddion 2.36. TEM was conducted using JEOL 1010 
and 2100F microscopes. The JEOL 1010 was equipped with a Gatan Orius SC600A CCD Camera and 
operated at an acceleration voltage of 100 keV. The JEOL 2100F microscope was equipped with a 
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Gatan Orius SC1000 CCD Camera and a Gatan Imaging Filter (GIF) Tridium for performing electron 
energy loss spectroscopy (EELS). The acceleration voltage for this instrument was 80 keV. High 
resolution TEM (HRTEM) imaging was conducted using the JEOL 2100F. The images were analysed 
utilizing imageJ 1.50 g. X-ray photoelectron spectroscopy (XPS) was conducted using a Thermo 
Scientific K-Alpha XPS spectrometer featuring a monochromated Al Kα X-ray source with a photon 
energy of 1486.7 eV and an X-ray spot size of 30-400 µm. Raman spectroscopy was conducted on a 
Horiba Scientific LabRAM HR evolution Raman spectrometer using a 50× objective, a 1800 m
-1
 
grating and a 532 nm laser delivering 9 mW at the sample which was deposited on quartz slides. FET 
device characterization was conducted using a Keithley 4200SCS semiconductor parameter analyser. 
All measurements were performed under ambient conditions. Photoluminescence spectra and 
excitation spectra of synthesized SnO monolayers on quartz were collected using a PTI UV-Vis 
fluorimeter (Photon Technology International, Inc.) with slit widths of 1.5 mm (6.0 nm resolution) at 
room temperature. The spectra were observed using a photomultiplier detector in a wavelength range 
between 250 and 480 nm, and corrected for the spectral response of the grating in the emission 
monochromator and the detector. 
 
5.3 Results and discussion 
The liquid metal exfoliation procedure described herein relies on the formation of van der Waals 
forces between the surface oxide and a substrate that is brought into close contact with the liquid 
metal surface. A detailed description of the process and materials used can be found in the Methods 
section. The method is an improved version of the previously reported technique for gallium oxides.
15
  
Since the parent metal is a monoatomic liquid during the synthesis, only weak forces are expected to 
occur between the metal and its interfacial oxide layer. This concept can be rationalized by the non-
polar nature of the elemental metal atoms which may only interact weakly with other materials.
25
 
These interactions are also expected to be highly localized due to the liquid nature of the metal during 
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the synthesis.
25
 The lack of a solid crystal structure inhibits the occurrence of cumulative atomic 
interactions over large distances.  
Interactions between the solid substrate and the interfacial surface oxide, on the other hand, include 
stronger forces between permanent dipoles. These interactions occur over large areas along the 
substrate’s surface and the crystalline lattice of the interfacial oxide layer.23, 26 Overall this leads to the 
macroscopic attachment of the oxide sheets to the substrate that allows lifting off the oxide layer, 
leaving the liquid metal behind (see Figure 5.3).  
In order to fully understand the oxidation behavior of liquid tin, preconditioning procedures were 
developed that allow removing of the interfacial oxide layer that may have formed prior to melting, 
for example, during the storage of the precursor metal. These preconditioning procedures allow 
exposing the bare metal surface, which then oxidizes under defined experimental conditions (see 
Methods). When exposed to ambient air, the liquid metal droplet transitions from a silver metallic 
appearance to yellow and red transitional stages to a dark grey colour (see Figure 5.1). This behavior 
can be attributed to the continuous oxidation of the surface leading to thin film interference 
phenomena, which gives the metal a colourful intermediary appearance.
27
  
Due to this observation, the synthesis of tin oxide sheets under ambient atmospheric conditions and a 
reduced oxygen environment was investigated. The low oxygen environment is expected to lead to 
slower oxidation rates and was achieved in a continuously purge nitrogen glovebox in which the 
oxygen content was typically reduced to 10-100 ppm O2.
12, 28
 Initial samples were deposited onto 
SiO2/Si wafers. Figure 5.4 shows typical AFM images of the as-deposited films. It can be seen that 
the sample synthesized under ambient atmosphere features a thin 2D nanosheet that is approximately 
0.6 nm thick. The layer thickness of this larger sheet corresponds well to a SnO monolayer since the 
interplanar spacing of SnO is 0.484 nm (Figure 5.5).
9, 29
 The small deviation in height (0.12 nm) can 
be attributed to exfoliation onto a substrate with no crystal registry to the deposited layer.  
When samples are made in air (Figure 5.4(a)), large sheets are found to be covered with additional 
smaller flakes, giving the sample a “scales on a sheet” appearance. However, the sample synthesized 
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inside the glovebox with a controlled oxygen content of 10 to 100 ppm (Figure 5.4(b)) features a 
smooth appearance. The lateral dimensions of the synthesized nanosheet exceeded the field of view of 
the AFM manifold, and as such only a 40 µm × 40 µm section is shown. The overall thickness of the 
material was found to be between 0.6 and 1.1 nm which correspond to 1-2 fundamental layers of 
SnO.
30
 Within the field of view, the thicker area dominates. This can be attributed to the folding and 
restacking of the monolayer along the edges of the sheet, which occurred when the 2D nanosheet 
separated from the liquid metal during the manual exfoliation. The step-height from the bilayer to the 
monolayer area was found to be 0.44 nm, which is in excellent agreement with the interplanar spacing 
of SnO crystals.
29, 30
 The developed method allows depositing centimetre scale SnO nanosheets (See 
Figure 5.6). The method was furthermore found to be highly reproducible, resulting in similar 
outcomes for subsequent depositions. 
 
Figure 5.4: (a) AFM image of the delaminated surface tin oxide when synthesized under an ambient 
atmosphere, (b) AFM image of tin oxide synthesized in a continuously purged glovebox (N2 
atmosphere, O2 concentration typically between 10 and 100 ppm), (c) AFM profile along the 
indicated green line in (a). (d and e) AFM profiles for the indicated red and blue lines in (b). Films 
made of two fundamental layers of SnO (~1.1 nm) are frequently seen at the edges of the large 
deposition area, due to folding of the delaminated film at the corners. 
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Figure 5.5: Crystal structure of SnO from two different perspectives (red axis is a, green is b and blue 
is c). Red atoms correspond to oxygen, grey atoms to tin. The interplanar spacing of 4.84 Å is 
highlighted.
29
 
 
 
Figure 5.6: Centimetre sized SnO nanosheets deposited onto SiO2/Si wafers. The colour-contrast of 
the nanosheets against the SiO2 coated wafer can be utilized as a proxy for the film thickness. This 
approach is commonly utilized for other 2D materials such as graphene and graphene oxide.
31
 The 
results attest reproducibility between multiple successive depositions. 
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The difference in appearance between the two materials synthesized under different atmospheric 
conditions can be attributed to the suppressed oxidation rate of the liquid metal in the reduced oxygen 
environment, resulting in a pristine 2D nanosheet when a reduced oxygen atmosphere is utilized 
during synthesis.
12, 13
  
In order to analyse the synthesized material further, a method allowing direct deposition of the 
nanosheets onto TEM grids (see Methods section) was developed, facilitating an in-depth microscopic 
analysis (Figure 5.7). The nanosheets synthesized in air also feature the “scales on a sheet” 
appearance that was previously observed in the AFM analysis. High resolution imaging reveals that 
these sheets are composed of two distinct materials, one featuring a d-spacing of 2.7 Å and the other 
3.35 Å. The crystal lattice with the 2.7 Å spacing corresponds well to the (110) plane of SnO,
30
 while 
the larger lattice spacing is characteristic of the (110) plane of SnO2.
7, 32
 Thus, it is concluded that the 
sample synthesized in air (corresponding to AFM in Figure 5.4(a) with the “scales on a sheet 
appearance”) is a combination of SnO and SnO2, where the SnO2 component crystalizes in small 
domains that are not aligned with each other. This finding is in good agreement with previous studies 
on the oxidation behavior of liquid tin in oxygen rich environments, which reported the initial 
formation of an SnO layer that then gradually oxidizes and thickens, forming SnO2 on top of SnO.
12
  
TEM analysis of the sample synthesized in the glovebox (Figure 5.7 (d-f)) reveals smooth nanosheets 
that appear translucent while having many creases/folds and are thus evidently very thin. Localized 
inclusions of metallic tin, visible as dark elongated nodules, are only found sporadically and at the 
edges of the sheet, rendering the majority of the 2D material suitable for electronic device fabrication. 
Imaging of a freestanding edge reveals that the sheet is slightly buckled, which is commonly observed 
for ultrathin 2D materials.
33-35
 HRTEM analysis of the sample confirmed that the nanosheets are 
crystalline and that the lattice spacings observed in the HRTEM image and the corresponding fast 
Fourier transform (FFT) image can be indexed to SnO.
30
 A selection of further TEM images of thin 
SnO sheets are shown in Figure 5.8.  
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Figure 5.7: (a) TEM image of a SnO/SnO2 layer synthesized in ambient air, using a TEM grid as the 
substrate. (b) Magnified view of the edges of the sample revealing the underlying larger sheet. (c) 
HRTEM image of the sample shown in a and b at atomic resolution, featuring two distinct crystal 
lattices which can be attributed to SnO and SnO2 as indicated, the inset features the FFT image of the 
SnO2 region. (d) TEM image of a nanosheet synthesized under reduced oxygen conditions. (e) TEM 
image of a freestanding edge and (f) HRTEM image of a sample synthesized under reduced oxygen 
conditions, inset features the FFT image of the HRTEM micrograph. The FFT image has been 
indexed to SnO. 
 
The combination of AFM and TEM imaging confirms that ultrathin layers of SnO with large lateral 
dimensions can be exfoliated from the liquid parent metal. Controlling the oxygen atmosphere has 
been identified as an important measure in order to prohibit the thickening of the nanosheets and the 
formation of SnO2. 
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The stoichiometry of the synthesized material was confirmed using XPS as presented in Figure 5.9. 
The peak positions are characteristic for SnO, confirming the presence of stannous oxide rather than 
stannic oxide.
9, 36, 37
 The Sn 3d3/2 peak is observed at 494.7 eV and the Sn 3d5/2 peak is located at 
486.3 eV. Furthermore no peaks at 492.8 and 484.4 eV were observed, confirming the absence of 
significant fractions of elemental tin.
36
 The oxygen to tin ratio was determined to be 50.2:49.8 
attesting close to stoichiometric SnO (Figure 5.10). 
 
 
Figure 5.8: Additional TEM images. 
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Figure 5.9: (a) The Sn 3d XPS spectrum of a sample synthesized inside a reduced oxygen atmosphere. 
(b) Raman spectrum of a SnO layer synthesized under a reduced oxygen atmosphere. The Raman 
spectrum (red line) was collected from a visibly rough area in the vicinity of the edge of the 2D sheet 
where folding has been observed during AFM imaging. The Raman spectrum (black line) has been 
measured in the centre of the 2D sheet. The inset has been adapted from Liu et al. and illustrates two 
possible growth orientations with respect to the substrate which result in different scattering 
efficiencies for the prominent Raman modes.
36
 
 
Raman spectroscopy was conducted to exclude the possibility of the presence of tin oxides with 
mixed valency such as Sn2O3 and Sn3O4.
38
 These intermediary phases, which occur during the gradual 
thermal oxidation of metallic tin, feature characteristic Raman peaks at 145 and 171 cm
-1
, while SnO 
features two Raman peaks at 115 and 211 cm
-1
.
36, 38
 The Raman spectrum shown in Figure 5.9(b) 
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features only the expected SnO Raman peaks, confirming the absence of oxides with mixed oxidation 
states. Interestingly, Raman spectra measured at the corners of the deposited layer, which appear 
visibly rough under an optical microscope, feature both the Eg and A1g Raman peaks, while spectra 
collected in the centre of the sample only feature the A1g peak. This observation provides insight into 
the orientation of the nanosheets with respect to the excitation beam.
36
 Liu et al. demonstrated that the 
scattering efficiency for the Eg mode is zero when excitation occurs along the (001) direction, 
corresponding to nanosheets lying flat on a substrate, resulting in perpendicular excitation by the 
Raman laser.
36
 The Eg peak becomes observable when the angle of incidence of the laser beam 
deviates from 90° with respect to the fundamental 2D layer and reaches a maximum when excitation 
occurs along the (101) direction. In combination, the observations of the Raman spectroscopy analysis 
indicate that the centre of the deposited nanosheet lies flat on top of the substrate, while the rim of the 
nanosheet features different orientations, likely due to folding and wrinkling that may have occurred 
when the nanosheet delaminated from the liquid metal. This observation is in good agreement with 
the AFM and TEM data. 
 
 
Figure 5.10: Representative XPS of the SnO nanosheets for the Sn 3d (a) and O 1s (b) regions. The 
oxygen peak at 532.9 eV can be attributed to the SiO2 substrate, while the peak at 530.4 eV 
corresponds to SnO. Since the two observed oxygen peaks are well separated, the elemental ratio 
between Sn and O can be determined which is presented in (b). 
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The electronic band structure of monolayer, bilayer and bulk SnO was obtained utilizing DFT 
calculations (Figure 5.11). The bulk material is estimated to be a narrow bandgap indirect 
semiconductor with an indirect bandgap of 0.70 eV, also featuring a direct bandgap of 2.75 eV. These 
findings are in excellent agreement with a literature report.
37
 The band structure of the bilayer features 
an indirect bandgap of 1.57 eV and a direct bandgap with an energy of 3.09 V, which is also in 
agreement with a previous computational investigation.
39
 The monolayer material is predicted to 
feature an indirect bandgap with a comparatively wide energy gap of approximately 4.1 eV. The 
direct bandgap of the monolayer features an only slightly larger energy of 4.21 eV. 
EELS in the low loss region was utilized to confirm the bandgap of the material.
40
 Analysis of the low 
loss spectrum for a SnO monolayer confirms that the fundamental bandgap is 4.25 eV which is in 
excellent agreement with the computational results. Photoluminescence spectroscopy (PL) was 
employed in order to assess the electronic properties further (Figure 5.12(b)). The photoluminescence 
(PL) spectrum features two emission peaks (red line), one smaller peak below 300 nm and the second 
larger one centered at 390 nm. A photoluminescence excitation (PLE) spectrum (black line) for the 
390 emission reveals that this emission is excited at wavelength below 285 nm, which indicates that 
the lower energy emission originates from inter bandgap states. These states might be induced due 
localized defects such as Sn and O vacancies or interstitials, which have been described in the 
literature.
41
 XPS analysis confirms that the synthesized SnO is oxygen rich, which is consistent with 
the presence of oxygen interstitials (Figure 5.10). Grain boundaries and interactions between the 
substrate and the SnO monolayers might also contribute to the observed lower energy emission.
42, 43
 
Similar observations have been described for other wide bandgap materials in the literature. The onset 
of the excitation edge in the PLE spectrum can be utilized to determine the size of the direct 
transition, which is found to be approximately 4.4 eV, corresponding well with the computationally 
determined direct transition. PL spectra of aged samples, stored under atmospheric conditions for 
approximately 100 hours, featured similar spectral characteristics to freshly produced samples, 
indicating that the SnO monolayers are at least stable for several days (Figure 5.13). 
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Figure 5.11: Calculated electronic band structures of bulk, mono and bilayer SnO. 
 
Figure 5.12: (a) Electron energy loss spectrum of the low loss region featuring utilized for the 
determination of the fundamental bandgap. The inset features a dark field TEM image of the 
investigated area. (b) Photoluminescence excitation and emission spectra for a SnO monolayer 
deposited onto quartz. The inset features the magnified onset region of the excitation spectrum. All 
samples were prepared inside the glove box. 
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Figure 5.13: Photoluminescence spectra of monolayer SnO samples on quartz excited at  
250 nm. The aged sample was measured after storing in ambient atmosphere for approximately 
100 hours. The fresh sample was measured quickly after synthesis. All samples were prepared inside 
the glove box. 
 
XPS valence band analysis was conducted to gain further insight into the electronic properties of the 
synthesized material. The XPS valence spectrum (Figure 5.14) features an intercept of 0.84 eV, which 
indicates the expected p-type behavior when both the computational and experimentally determined 
bandgaps (EELS and PL spectroscopy) are considered.
9, 39
 The p-type nature of the synthesized SnO 
monolayers was further confirmed utilizing gas adsorption analysis in oxidizing atmospheres 
containing NO2 (see Figure 5.15). NO2 is known to efficiently adsorb onto 2D semiconductors, 
leading to p-doping.
44
 Exposure of n-type semiconductors to NO2 is characterized by an increase in 
the materials electric resistance.
45
 On the other hand, p-type semiconductors exhibit an opposing 
response to NO2, since this exposure leads to an increased density of majority carriers. Exposure of 
this SnO to NO2, leads to the reduction of resistance (Figure 5.15) that identify the SnO monolayers as 
a p-type semiconductor. Furthermore the result highlights that the SnO nanosheets might be utilized 
for the design of future gas sensing devices. 
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FETs were fabricated on pre-patterned substrates consisting of conductive silicon with an 80 nm thick 
thermal oxide layer. Gold electrodes were deposited onto the wafer using standard photolithography 
processes employing a 5 nm chromium adhesion layer below the 50 nm thick gold electrodes. Gold 
was selected as an electrode material due to its similar work function to nickel, which has been 
successfully employed in previous studies on few layer SnO based FET devices.
9, 46
 The active SnO 
layer was directly deposited on top of the gold electrodes using the synthesis protocol that had been 
developed for low oxygen environments (i.e. in the glovebox). The SnO monolayer was found to 
adhere well to the substrates and large covered areas could be identified using optical microscopy (see 
Figure 5.16). Characterization of the FET devices confirms p-type behavior (Figure 5.16(a)). A field 
effect median mobility of 0.7 cm
2
V
-1
s
-1
 was determined which significantly exceeds previous reports 
on pulsed laser deposited bilayer SnO, which exhibited a mobility of 0.05 cm
2
V
-1
s
-1
.
9
 The on-off ratio 
of the FET device is determined to be approximately 20 at a source drain voltage (VSD) of 2.5 V and 
300 at a VSD of 1 V. This relatively low on-off ratio likely eventuates due to small metallic residues 
and thus further processing should be implemented to improve on this number. The reported 
ambipolar nature of SnO was not specifically investigated and thus not observed in this study. 
Preceding studies on ambipolar SnO devices highlighted that specific device architectures are 
required to reliably observe this effect.
8
 Considering the large bandgap of monolayer SnO, it is 
possible that bandgap modulations as a result of applied electric field result in the modulation of the 
source drain current (see Figure 5.17 and Table 5.2).  
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Figure 5.14: XPS valance band spectrum of a monolayer SnO sample exfoliated onto a SiO2/Si wafer, 
the inset shows the extended valence band spectrum. 
 
 
Figure 5.15: Resistance response of the SnO nanosheet exposed to alternating gas flows of dry air and 
11.1 ppm NO2 in dry air. The gas sensing device was prepared using SnO deposited in the glove box. 
Two contacts were prepared on the nanosheet using silver paste with an approximate distance of 
1 mm. The flow rate was 200 sccm and the measurement was conducted at room temperature. The 
drop in resistance of the semiconductor when exposed to NO2 indicates p-type conductivity. 
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Figure 5.16: An example of a FET made from a SnO monolayer. (a) IV characteristics of the 
fabricated SnO FET device at various gate voltages (back gate structure), the inset features the source-
drain current at a source-drain voltage of 2.5 V for various applied gate voltages. (b) Optical image of 
fabricated FET devices with indicated bare SiO2 and SnO covered areas. 
 
 
Figure 5.17: Calculated band structures of monolayer SnO under applied electric field in comparison 
to no electric field. 
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The results of the electronic device characterization highlight the great potential of the approach of 
exfoliating 2D metal oxide compounds from the self-limiting interfacial layer on the metal precursor. 
Considering the simplicity of the method, when compared with other thin film deposition techniques 
such as atomic layer deposition or chemical and physical vapour deposition techniques, the realization 
of functioning FET devices based on the liquid metal exfoliated nanosheets is extraordinary. In terms 
of charge carrier mobility, the constructed FET devices already outperform their counterparts made 
via pulsed laser deposition.
9
 Optimization of the device design such as the utilization of top-gates is 
expected to result in a further increase in the device performance. The on-off ratio might be improved 
upon the full removal of metallic residues and employing additional techniques such as the strategies 
suggested by Kim et al., which include annealing steps and the inclusion of back gate passivation 
layers.
47
  
Furthermore, the SnO monolayer may be converted into tin mono- and di-chalcogenides using 
techniques analogous to the recently reported chalcogenisation procedure for gallium oxide.
15
 Tin 
chalcogenides form a group of layered semiconductors that have been increasingly investigated 
recently.
48-50
 Chalcogenization may lead to materials with enhanced carrier mobility, lower bandgaps 
and further favourable properties, rendering them ideally suitable for diverse applications. Tin 
monosulphide (SnS), for example, is currently under investigation as a possible light absorber in 
photovoltaics.
51, 52
 Atomically thin layers of SnS and SnSe have been predicted to feature giant 
piezoelectric effects which could be exploited in sensors, piezotronics and energy harvesting 
applications.
50
 
 
5.4 Conclusions 
A facile, scalable and simple method that allows harvesting the surface oxide layer of liquid tin has 
been demonstrated. This method relies on the formation of van der Waals forces between the naturally 
occurring surface oxide of liquid tin metal and a suitable substrate. Due to the liquid state of the 
parent metal, the oxide layer can be effectively delaminated, giving access to large sheets of tin oxide. 
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When the synthesis is conducted under ambient conditions, a sheet of SnO coated with scales of   is 
achieved. This heterostructure might be of interest for the fabrication of photocatalysts and sensors, 
since a p-n junction is expected to form between the two materials.
53, 54
 However, when the synthesis 
is conducted under reduced oxygen conditions in a glovebox, large flat sheets are obtained. 
Crystallographic and chemical analysis reveals that these flat sheets correspond to monolayer SnO, 
which is a p-type semiconductor. DFT calculations in combination with EELS and PL spectroscopy 
confirm that SnO transitions from a narrow indirect bandgap material in the bulk to a wide direct 
bandgap material when the thickness is reduced to a monolayer. FETs were fabricated using a SnO 
monolayer directly deposited onto pre-patterned transistor templates. The obtained FETs feature a 
carrier mobility of 0.7 cm
2
V
-1
s
-1
. Further optimization of the device design, such as the use of top 
gates and gate passivation layers, is expected to increase the on-off ratio towards suitable levels for 
logic device fabrication. The device characteristics of the FET clearly identify the SnO nanosheets as 
a p-type semiconductor. This conclusion is further supported by XPS valence band spectroscopy and 
NO2 gas sensing results which confirm the p-type nature of SnO. The realization of functioning 
monolayer SnO FET devices, with a large bandgap of ~4.2 eV, may lead to practical applications in 
which high transparency of the semiconducting layer is required. Another possible field could be the 
design of chem-FETs based on highly stable SnO that could take advantage of the well-established 
surface chemistry of oxides and the extreme surface area to volume ratio of 2D material.
55, 56
  
The developed method is also likely to give access to further tin based 2D materials such as the tin 
chalcogenides, via further chalcogenization steps. Tin chalcogenides are a class of layered materials 
that are being investigated for various applications. Chalcogenization of thin layers is a common 
procedure which is increasingly applied to both bulk and 2D materials.
15, 57
  
The developed technique is likely also suitable for other low melting point metals such as gallium, 
indium, bismuth and lead. One further and particularly intriguing concept is the investigation of low 
melting point alloys such as Galinstan,  GaIn or Field’s metal.58-60 Here the technique may be used to 
give insight into the composition and structure of the surface oxide of complex alloys, which until 
now have usually relied on synchrotron based photoemission techniques.
12
 The use of complex low 
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melting point alloys may also allow expanding the technique towards other metals that as pure 
elements feature melting points too high for practical consideration. 
In the next chapter, the findings and conclusions of this Ph.D. research will be summarized and 
potential directions for future continuations of the work will be outlined. 
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Chapter 6. Conclusions and future work 
6.1 Conclusions 
The research described in this thesis was carried out in order to address three major gaps in the current 
body of knowledge, as described in previous chapters. This was carried out through four specific 
objectives: an investigation of the response of two dimensional (2D) tungsten disulphide (WS2) to 
light exposure in humid air, an investigation of liquid phase exfoliation techniques for 2D WS2 
compatible with use in hybrid nanomaterials, the incorporation of this 2D WS2 product into a hybrid 
photocatalyst, and an investigation of liquid metal exfoliation as a synthesis route for 2D stannous 
oxide (SnO). These objectives were completed throughout the production of three published works as 
the first author (one still under review) and an additional eight co-authored papers. 
 
6.1.1 WS2 PL Investigation 
While reviewing the current literature on the topic of 2D semiconducting nanomaterials, it was 
revealed that a gap in the body of knowledge existed with regards to the precise cause of the intense 
photoluminescence (PL) often observed at the edges of 2D WS2. In the process of investigating the 
ambiguity in reported mechanisms for this effect, it was discovered that high radiant exposure from an 
incident laser on the 2D WS2 surface caused localised reduction in the PL intensity at specific regions 
of the flake. During a thorough investigation of this phenomenon, observed regions of reduced PL 
were found to have increased thickness relative to the pristine flake surfaces. Further characterisation 
revealed the replacement of sulphur atoms in these regions with sulphate groups, and experimenting 
with the phenomenon under controlled atmospheric conditions revealed that it would only occur in air 
containing significant levels of humidity. It was thus determined that the loss of PL was due to a laser-
induced reaction of the 2D WS2 surface with atmospheric water molecules. Furthermore, the reaction 
was observed to preferentially occur at highly reactive regions of the flake surface, specifically at 
flake edges and at regions where intercalation results in mechanical strain. 
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6.1.2 WS2/CD Hybrid Photocatalyst 
Following the previous investigation of fundamental PL phenomena in chemical vapour deposition 
(CVD) -grown 2D WS2, attention was shifted to the practical aspects of liquid phase exfoliation 
methods and the applications in forming hybrid nanomaterials. To facilitate this, the previously 
established methodology was revised with respect to the use of added solvents and surfactants which 
would cause unwanted complications during the hybridisation process. 
A novel method of hybrid nanomaterial synthesis was developed in which in-situ microwave 
synthesis of carbon dots (CDs) directly upon the 2D WS2 flake surfaces fine was achieved via fine 
control of the carbon source concentration. In this way, CDs were able to form by nucleation at defect 
sites on the 2D WS2 surface, rather than independently nucleating as detached colloidal particles in 
solution. The hybrid was found to consist of monolayer WS2 flakes with layers of CDs bound to each 
side via van der Waals forces, demonstrating the viability of the method. 
Given the pre-established effectiveness of 2D WS2 as an efficient photocatalyst, the photocatalytic 
efficiency of this hybrid material was tested and compared with pristine WS2, as well as several other 
2D materials and hybrid nanomaterials previously reported under similar experimental conditions. All 
materials were regarded in terms of the turnover frequency (TOF) in order to make a valid 
comparison for a variety of materials, target dyes, and light sources. It was found that the hybrid 2D 
WS2/CD nanomaterial was a more efficient photocatalyst, when compared with the pristine 2D WS2 
flakes. Additionally, when compared with the highest performing hybrid material, a ternary hybrid in 
the form of 2D molybdenum disulphide (MoS2) /graphene oxide/C3N4. It was determined via 
absorbance spectroscopy that the 2D WS2/CD hybrid was able to photocatalyse the target dye, Congo 
Red, approximately 30% faster than the pristine material. In terms of TOF, the hybrid was calculated 
to photocatalyse the dye at 290 µHz, compared with 170 µHz in the pristine 2D WS2 and 210 µHz in 
the previously reported ternary hybrid. 
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6.1.3 2D SnO Synthesis 
With recent reports highlighting the importance of large-area 2D transition metal oxides (TMOs) due 
to their potential applications in catalysis, energy storage and electronics, it was decided that the 
investigation of a viable method of synthesis for such materials is currently of great value for the 
field. 
A method developed recently applies the concept of exfoliating the thin layers of oxide that form on 
the surfaces of liquid metal. When a suitable substrate is brought into brief contact with the surface of 
the liquid metal, van der Waals forces dominated at this interface and allowed large areas of the oxide 
layer to be easily lifted away from the liquid bulk. It was discovered that smooth, monolayer sheets 
could be obtained in this way provided the delamination was carried out in an atmosphere with a 
controlled oxygen content of 10 to 100 ppm. 
Thorough characterisation showed the material to be monolayer, p-type SnO with a bandgap of 
approximately 4.2 eV. The material was then used for demonstrating its viability in 2D field effect 
transistor (FET) technology, using standard photolithography methods. A field effect median mobility 
of 0.7 cm
2
V
-1
s
-1
 was measured, along with an on-off ratio of approximately 300 at a source-drain 
voltage of 1 V. Although these properties would likely benefit from optimisation of the device 
experimental conditions, they sufficiently demonstrate the potential of 2D SnO in such applications. 
 
6.2 Future work 
These three works have yielded several important and novel discoveries, all of which could benefit 
from being pursued by further research. 
The fundamental effect of PL loss in 2D WS2 when exposed to laser in air, described in section 6.1.1, 
is valuable in that it is likely to also be seen in other transition metal dichalcogenides (TMDs) or 2D 
materials. Future work should attempt to address the ways that this phenomenon presents in other 
 122 
 
materials, and the fundamental mechanisms governing the way these processes vary between different 
materials. 
The method developed for liquid phase exfoliation of 2D WS2 suitable for use in hybridisation with 
CDs could likely be used with other graphitic or even non-graphitic nanomaterials. Due to the method 
described here allowing the nucleation of CDs at defective sites on 2D WS2 surfaces, the same 
process is likely applicable to the formation of nanoparticles of other materials. 
During the experimental process of liquid phase exfoliation of 2D SnO, it was discovered that the 
delamination of oxide layers in normal ambient atmospheric conditions would result in large area 
monolayer sheets with smaller, sections of stannic oxide (SnO2) sheets attached to the surface. As 
mentioned in the previous chapter, p-n junctions are likely to exist between the two components of 
this heterostructure. It is therefore important to check the viability of this heterostructure in catalysis, 
electronic and sensing applications.  
 
6.3 Journal publications 
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